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PREFACE

This document reports upon research performed by four graduate
students at the Air Force Institute of Technology. Captain
Donald Culp, USAF, 1 Lt. David Monti, USAF, Captain James Shoe-
maker, USAF, and 1 Lt. David Wesley, USAF, concentrated upon
diffaerent portions of the project.; this report presents the
research in a unified report.

This effort was part of an ongoing AFIT research project to
develop effective computational methods for atmospheric radi-
ation transport. The research was accomplished in Professor
Mathews’s course, NENG-601 (Research Apprenticeship), during the
spring quarter of 1990. The goal of the course is to explore a
real nuclear engineering pro-lem in depth as a vehicle for
developing engineering and research skills. Such a project is
more closely led by the professor than a thesis project, while
still providing substantial independence to the student, whence
the title of the course,

This work was sponsored by the Air Force Weapons Laboratory;
this AFIT technical report is intended to serve as a formal
report to the sponsor. One of the goals of the project was to
help the sponsors get started in performing this type of compu-
tation in house. We hope it provides the documentation necessary
for further work to be accomplished on this topic starting from
where we left off.
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1
\ ABSTRACT
ey

Neutron transport calculations were performed using the Monte
Carlo code, MCNP. The transport problem considered has a point
source at high altitude (40 km). Since atmospheric density
decreases with altitude, two-dimensional effects (cylindrical
coordinates) can be important. Results were compared to those
obtained with the SMAUG-II computer cocde, which performs mass-
integral scaling of approximate fits to one-~-dimensional
spherical discrete ordinates sclutions. These comparisons show
the importance of two-dimensional computations. The report
discusses practical issues of applying MCNP to this problem,
without code modifications and includes example input files for
MCNP ar.i4 for SMAUG-II. - .

s
— -

( T =" PYBCUTIVE SUMMARY

Computational modelling of neutron transport in the atmosphere ™
is complicated by the\variation of air density with altitude.’aA
one-dimensional, spherical geometry solution can be applied to
problens with a different density of the same medium, by scaling

the 4nr? fluence by pr. However, this approach is strictly valid
only in infinite media of constant density. As an approximation,
it can be applied to a varying density medium by replacing pr by

[op(r)dr’. This approach is known as “mass-integral scaling®.
This technique works reasonably well so long as the mean free
path of the radiation is short compared to the distance over
which the medium varies significantly in density. Shulstad [1]
showed that, for point sources of fission or fusion neutrons,
acceptable results could be obtained for source altitudes up to
about 20 km. Above that height, one-dimensional calculations are
inadegquate.

Multidimensional calculations for each desired case are substan-
~ially more cestly than one-dimensional mass-integral scaling
schemes. Possibilities include diffusion methods, Monte Carlo
transport modeling, and discrete ordinates (Sy) schemes.
Shulstad developed a diffusion code which used a spatial mesh
with curved, non-orthogonal coordinates, in which the cells form
a rectangular matrix of data, and in which all cells are roughly
equal in optical thickness. This method was effective, but is
limited by the assumption of isotropic scatter (or at most,
linearly anisotropic scatter) which is implicit in the use of
the diffusion eguation. An optimum approach, if we can make it
work, would be tn develop a discrete ordinates method with
spatial and angular guadratures optimized for this problem, in
which the spatial gquadrature scheme would account explicitly for
the variation of air density with altitude within each spatial
cell. In order to benchmark the results of such a code, Monte




Carlo modelling will be needed. Indeed, if a specialized Monte
Carlo code proved to be efficient enough, the discrete ordinates
code co™ld prove unnecessary.

The work reported here is a first step toward obtaining the
needed Monte Carlo computations. An unmodified standard produc-
tion code, MCNP, was used to solve air transport from a point
source of neutrons. MCNP was selected because of its flexibiliry
in representing the energy dependence of the neutrorn cross-
sections, including multigroup (coarse mesh histogram), discrete
(fine mesh histogram), and continuous (linear interpolation)
representations. Cylindrical (r,z) geometry was used. Two test
cases were attempted. With a large mesh and a source at 11 km
altitude, very high cell importances were required for the cells
most distant from the source. This problem never ran to comple-
tion; a smaller mesh was needed. With a mesh that was large in
radius and height, but optically rather thin, the case with the
source near 40 km altitude proved to be relatively straightfor-
ward. Results obtained were compared to corresponding results
obtained using SMAUG-II, a mass-integral scaling code. The
expected agreement at short ranges (and disagreement at longer
ranges) was observed. The report provides practical details
regarding employment of MCNP for this problem, including such
areas as cross-section sets, variance reduction schemes, estima-
tors, spaticl meshing, problem definition, and input and output
files. Details of the comparisons with mass-integral scaling
results are also presented. The need for a histogram representa-
tion of the variation of air density with altitude appears to be
the principal limitation to the use of MCNP for this problem.
Future work should include efforts to modify MCNP to remove this
limitaticn. Also, to reduce run times for this first effort, we
omitted source and secondary photons from the calculations.

The goals accomplished during this effort included: getting MCNP
up and running; learning to use it; developing input files which
get it to solve this problem; evaluating the applicability and
efficacy of the major variance reduction schemes and estimators
(for this problem); and benchmarking the results with SMAUG-II.
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1 Introduction

In 1976, Shulstad [1] investigated the adequacy of mass-
integral scaling of one dimensional discrete ordinates
calculations of coupled neutron-y radiation transport from a
point source in infinite homogeneous air as an approximation
to the transport in the atmosphere (with its approximately
exponential variation of air density with altitude). He
compared various Monte Carlo results with the scaled one-
dimensional results, aud found good agreement at low altitudes
(less than about twenty kilometers), but increasingly poor
agreement at higher altitudes. He developed a specialized
multigroup diffusion code, which used a two-dimensional, non-
crthogonal, curvilinear coordinate systen to maintain
approximately equal optical thicknesses in sach coordinate
direction in each cell. His effort was successful, but his
results are limited in accuracy by the assumption of at most
linear anisotropy of scattering cross-sections which is
intrinsic to the diffusion approximation.

With the increcses in readily-available computing power which
have been achieved in the fourteen years since Shulstad’s
work, we are revisiting this problem. The first step is to
attempt to solve the problem efficiently with current produc-
tion Monte Carlo software. We selected MCNP (described below)
because of its flexibility in energy and cross-section
representations. We used a special purpose mass—integral
scaling code, SMAUG-II, provided by the Air Force Weapons
Laboratory, for comparisons which confirm the accuracy of our
results at close ranges, and which show the importance of two-
dimensional effects at greater ranges and their dependence
upon location of the field point with respect to the source
poirt. Our goal in this effort was to ascertain whether MCNP
could be used, as is, to provide computationally affordable
solutions. We succeeded in obtaining reasonable solutions for
the neutron fluences in regions within a few mean free paths
of the source point. This report details these efforts and
results. The computations were costly enough to inake mapping
the full field for a large selection of source altitudes
expensive, although possibly not prohibitively so. However,
cirect Monte Carlo calculations for arbitrary source points
and field locations would not be feasible as a subroutine to a
parametric study, for example. Further work will be needed to
customize MCNP for this problem and to evaluate the radiation
field (including neutron-induced y radiation) at much longer
ranges. Later steps in this work may alsc include development
of specialized discrete ordinates algorithms for solving this
problem efficiently and without substantial ray effects.




1.1 Background

For low altitudes, the mean free path of neutrons and y-rays
is short compared to the scale height ("e-fold" distance) of
the atmosphere, approximately 7 Kkm. For these cases, the most
widely accepted method in use today relies upon the simple
technique of applying the results from a constant-density
atmospheric model to that of the actual problem by mcans of

scaling the 4nr? fluence by the atmospheric mass between the
source and field point locations. Shulstad concluded that this
technique underestimates the radiation at very high altitudes
and long ranges. This method and its limitations are discussed
next.

1.2 Mass-Inteqral Scaling (MIS)

Radiation transport in air is described in detaili by the
Boltzmznn transport equation. However, since the density of
air varies in an exponential manner, numerical solutions to
the Boltzmann equation i'. a variable density medium are gener-
ally not attempted. Instead, the determination cf the
radiation transport in air is computed through Monte Carlo
simulations. These Monte Carlc simulations provide good
answers for specific cases but there is a great computational
cost associated with them. This high cost led to the develop-
ment of quick running codes which use mass-integral scaling
(MIS).

Mass-integral scaling is a technique in which the computed
results of fluence or dose in a homogeneous system are used to
approximate the fluence or dose in a variable density system
such as the atmosphere. The computed results for the homoge-
neous system are easy to cobtain computationally through
discrete ordinates solutions to the Boltzmann transpor+*
equation. (In one-dimensional, spherical coordinates, discrete
ordinates shows no ray effects and can be quite accurate.)

The point source radiation scaling law for two media of iden-
tical composition but different densities states that the same

4ur” fluence is present at range r 4 in medium A (with uniform
density p,), as is present at range r in medium B (with
uniform density p,), presuming that the same point source is
present in each medium, and where the ranges are related by

Pelg=Psl 4. (1)
For mass-integral scaling, the scaling law is then extended to

an approximation which relates the mass range in a homogeneous
medium to the mass integral in a variable-~density medium by




-l’v

M/=pHrH=Jo p,(r)dr-, (2)

where:

pyry 1s the mass integral in homogeneous medium,

r, is the range in variable density medium,
pv(r’) is the density as a function of position, and
M/l is the mass integral.

Figure 1 shows the geometry used here. z is altitude; R is
radius or "ground range", and r is range, or "slant range". In
this notation, (R.z) is the standard cylindrical coordinate

system. (The azimuthal angle is not needed here, due to
symmetry.) We are usually concerned, however, with the spher-

ical coordinate for range, r, since it determines the amount
of spherical divergence. Since the density of air only varies
with altitude, =z, then the mass integral can be transformed to

r<

MI= |
R

a d
p(z) a

' 3
z, sin@ (3)

where:

z, is the height of the point source of radiation,

zZ4 is the height of the "detector" (radiation field point
of interest),

p(z) is the air density as a function of altitude, and

8 is the source elevation angle (i.e., the angle between

the horizontal and the direct path from source to
detector).

For 6 near zero, the change in altitude is approximately 2zero.
Therefore the density is nearly constant along the direct path
and the mass integral is simply the homogeneous mass range,

computed using the density at the average altitude, (z.+z,)/2.

Note that, using an assumed exponential atmosphere, the mass
integral can be obtained by analytic integration in equation

(3), giving (for O not too close to zero):

7km
sinf

Ml=p, [exp(-z,/7km)—exp(~z4/7km)], (4)

or (for B close to zero):

-
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[ —(z,+24)/2)
Ml = —_— |,
rpoexpl\ T ) (S)

However, these solutions for mass integral (equations 4 & 5)
we.e not used, since SMAUG-II computes them using a more
accurate fit to p(=z).

The signifcance of the mass-integral scaling approximation is
that once the mass integral is determined, the approximate
solution can be found for the equivalent mass range in a homo-
geneous medium. Since the solutions in homogeneocus media can
be calculated in advance, and approximated by empirical fits
or table interpolations, the computational effort for codes
such as SMAUG-II is minimal.

1.3 SMAUG-II

SMAUG-II [2]) is a computer program written in FORTRAN which
computes the neutron and y radiation from a point source of

neutrons and y-rays in the atmosphere, using a 58 energy group
data base (37 neutron and 21 gamma). Required inputs to the
code include the source strength, neutron and gamma source
spectra, source altitude, and range (or radius, see figure 1)
and altitude of the field point of interest. Outputs from
S.IAUG~-II include (free-field) neutron and y fluences, energy
fluences, mean energies, energy spectra, and absorbed tissue
and silicon doses at the detector.

The MIS employed by SMAUG-II relies upon discrete ordinates
calculations of neutron and gamma transport in a homogeneous
system. The code bases its calculations on a set of 1711
empirical transmission functions which are least squares fits
to the results of neutron and y-ray transport calculations
from ANISN, a one-dimensional discrete ordinates code for
calculating transport in a homogeneocus system. The DLC-31
multigroup cross cection set from Oak Ridge National Labora-
tory (ORNL) was used in those calculations. Also, the air
composition was 79 percent nitrogen and 2. percent oxygen at a
density of 1.11 mg/cm.

The empirical transmission function, 7(X), used to fit each
source group to receiver group combination as a function of
mass integral in air, is

IN[T(X)]=C X +CoX2+CIn(X)+C VX +~C X'+ x¥2+,, (6)

where C, through C, are least squares fit coefficients, and X
is the mass integral.




The fitting process resulted in 1711 7-constant fits which
reproduce (to sufficient accuracy) the ANISN results without
the need for a lookup table. These results are all given as

the 4nr? fluence (or dose) per source neutron for the equiva-

lent homogeneous system. The result is then divided by 4n/ %,

where r is the range between the source and field points.
Finally, the resull is multiplied by the number of source
neutrons to get the fluence or dose for the variable density
atmosphere.

SMAUG-II claims to be valid for all situations where both the
source and the receiver are at least 500 meters above the
ground, below a maximum altitude of 20 kilometers, and sepa-
rated by a mass~integral of less than 1000 g/cm®. These
limitations are a problem inherent in mass-inteqral scaling
and will be explored next.

1.4 Problems with MIS and SMAUG-II

Mass-integral scaling was derived from the Boltzmann transport
equation by Zerby [3] and from the diffusion equation by
Shulstad [1]. Furthermore, Shulstad develcped a specialized
multigroup diffusion code for the problem considered here and
demonstrated that, for high enough altitudes, mass-integral
scaling is inaccurate. Both authors show that this scaling is
an approximation based on the assumption that the scattering
and the geometric divergence can be separated. Mass-integral
scaling is strictly correct only in a uniform homogeneous
atmosphere (whence the one dimensional spherical ANISN calc .-
lations) but is only an approximation in the real case. The
following example will illustrate this.

Consider two detectors, one above a given point source, the
other below. If they are both at the same mass-integral, then
the range to the upper detector will be greater than the range
to the lower one, because of the decrease in air density with
increasing altitude. We can illustrate the result by
expressing it in terms of a broad beam attenuation problem
using build-up factors, such as

4RR§°WHF=SXBU.’"“W"XCXD(-MIE}
P (7)

up

o
4nR% F=8x BUF,,pxexp(—MI‘-)-).

where:




/< = Fluence,
BU F = Build Up Factor, and
S = Source Strength.

Using the MIS approximation, we find that

.*'“R;.I.zownFuown S‘FH'QspFup' (8)

Therefore,

o) /
Sx B(/FdwnXCxp(—M/;)nSXBI/F.,,,XL'pr\“A'I/g). (9)

which means that BU/F,, and BUF 4., would have to be equal.
How2ver, a two dimensional transport or diffus’sn calculation
would show that this is not the case. The upper detector would
have a smaller build up factor because the air is less dense
causing fewer scatters, and if the detector is high enough,
there will be a significant number of particles that will
simply leak out of the top of the atmosphere instead of
scattering and contributing to the build-up.

Mass-integral scaling was evaluated by Shulstad using a
special form of diffusion theory on a 2 dimensional non-
orthogonal coordinate system. This coordinate system was
developed to take into account the variable density nature of
the atmosphere. The results of his evaluation were bench
marked against Monte Carlo calculations and demonstrated that
MIS resulted in errors of less than 20% for altitudes between
1 and 10 kilometers, and out to mass integrals of 220 g/cm®,
He found significant errors at altitudes greater than that
because of the leakage ocut of the top of the atmosphere which
was not accounted for by MIS.

A purpose of this project was to determine the error of
SMAUG-II at elevations above 20 kilometers by comparing
SMAUG-II aporoximations with Monte Carlo results at these
higher altitudes. Two obstacles with the SMAUG~I code had to
Le overcome: one was a limit on the maximum altitude of 25
kilometers and the second was a limit on the maximum mass
integral of 1000 g/cm*. The SMAUG-II programmers put bounds on
the input values to limit the use of the code to within the
region where it should be reasonably accurate, but we needed
to defeat these protections in order to see how inaccurate the
code might be. The altitude problem was solved by changing the
constant ALTMAX in the subroutine SMEXE from 25000 to 60000
(meters). The value of 60000 was chosen because that is the
largest number that can be used for determining the mass inte-
gral as it ig implemented in the code. The limitation on mass




integral turned out to be a hindrance only at low altitude
which wasn’t as important to the problem, therefore no attempt
was made to increase it.

1.5 Approach to Problem

The approach to the problem of comparing high altitude
SMAUG-1I1 calculaticons to Monte Carlo calculations was along
two lines. One was to try to valldate SMAUG-II at low altitude
where the results are supposed to be accurate to within 20%.
Another was to compare SMAUG-II and MCNP results for a high
altitude source point. _

1.5.1 validation

The test for validation consisted of examining the radiation

frem a point source at an altitude of 11 kilometers. The area

which was to be analyzed extended out several! kilometers and

1"11ll be described thoroughly in a later section. The only

problem from the SMAUG-II code was that some of the points

which were to be tested were over the 1000 g/cm® mass integral

limit. This was not significant though because it was not

necessary to get data for SMAUG at every point that the Monte

Carlo calculations would get data. As long as SMAUG-II could

generate enouch points for verification, then the 1000 g/cm®

limit did not matter. As it turned out there were greater

problems with using the Monte Carlo code which prevented the

validation at lower altitude from being successful. This will

also be explained in a later section. {A note in hindsight: )
since SMAUG-II was expected to be accurate only out to about '
220 g/cm®, the region for which calculations were attempted

was needlessly large. This was the real reason the calcula-

tions were not successful.)

1.5.2 Comparison

The comparison test consisted of examining a point source at

an altitude of 40.035 kilometers. The area of analysis will B
alsoc be described in detail in a later section. The cells that &
the Monte Carlo code used extended as high up as 300 kilome-
ters, but this did not affect the ability of SMAUG-~II to
provide comparison data at altitudes below 60 kilometers. The
results were used for comparisons of fluences at constant
ranges and of fluences at constant mass-integrals., In contrast
to the low altitude test, the high altitude test used a
maximum mass integral of approximately 14 g/cm®. Again, the
detailed results will be presented in a later section. Yy
Although it would have been more revealing to include a larger ¢,
region, with mass integrals up to about 220 g/cm?®, this effort ok
was restricted to demonstrating the methodology. Future ]
efforts may succeed in increasing the ranges as desired. "

PL R




1.6 Expectations

There were several expectations for the results of this
comparison. The first expectation was that, at small ranges,
the results of SMAUG-II and Monte Carlo should be nearly the
same. This is because at small enough range in thin air, we
should only see spherical divergence. Our results show this to
be fairly accurate. Another expectation was that slightly
farther out and co-altitude with the source, SMAUG-II should
initially over predict because it fails to account for the
magr.itude of the leakage of radiation out the top of the atmo-
sphere. In fact, the over prediction should get worse with
increasing downward angle from the source, since the diffusion
of the particles moves them away from these more dense areas
up into less dense areas. Our resualts also showed this effect,

At some point it was expected that some of the particles which
scattered upward may scatter down again after only a few scat-
ters. But, because of the length ¢f mean free path at the
higher altitude, they would not reappear in our areas of
interest for 10’s of kilometers from the source. This would
cause SMAUG-II to under predict the Monte Carlo results. This
phenomena was not seen in our problem but there is a good

reason why. In homogeneous air, the 4nr? fluence increases
with the mass integral (due to buildup of scattered radiation)
until it peaks at a w1ss integral of about 30 g/cm®; then it
decreases, (due to absorption) reaching its original value at
about 80 to 100 g/cm?®, and continues to decrease at even
greater ranges. The area of this peak 1s the area where the
build up factor is greater than one. This is why SMAUG-II is
over predicting in this area. In order to reach an area where
SMAUG-II under predicts, it may be necessary to go out as far
as 60 g/cm?®, but for field points co-altitude with the source,
that mass integral corresponds to a range of over 140 kilome-
ters. The radiation intensity at such ranges may be
negligible; in any event, we did not attempt to use such a
large computational region for the Monte Carlo simulations.

Overall, SMAUG-II offered no surprises. Presentations of data
in later sections will show that SMAUG-II behaved in the
anticipated manner. Future work in this area may lead to the
development of suitable correction factors.

2 Project Goals and Approach
The overall objectives of the project are as follows:

1. Using Monte Carlo simulations, generate a collection of
benchmark results for a limited set of source height and field
point locations, or if possible, to create multidimensional
maps of the radiation distribution an a function of source
height.




2. In anticipation of limited practicality of Monte Carlo
simulation, generate multidimensional discrete ordinates (Sn)
solutions to the problem.

The objectives for this particular study were as follows:

1. Compare Monte Carlo results with SMAUG-II results to eval-
uate the efficacy of Monte Carlo simulation for this problem
and to assess the relative applicability of both methods.

2. Gain insight into the complexity of computationally
modeiing this problem and the difficulties in generating
results for the benefit of subsequent studies.

The initial approach decided upon for this project was to use
Monte Carlo simulation to try and map out the nuclear radi-
ation distribution in three dimensional space which results
from a point source. This was to be accoumplished by use of an
existing production code called Monte Carlo Neutrcon Photon
(MCNP). The MCNP results could then be compared with those
from SMAUG-II for icdentical source height and field point
iocations.

If the Monte Carlo results achieved acceptable resolution
without excessive computer run times, then the data could
simply be tabulated or mapped out graphically for various
source heights; this would eliminate the need for the mass-
integral scaling technique for this problem. But if this
mapping out of the problem proved not tc be practical, then
MCNP would be used in an attempt to benchmark a few source
height and field point location combinations by optimizing the
computational variance reduction methods to get the best
answer for each such combination. These benchmark cases could
then be used to test the results from some other modeling
technique, such as discrete ordinates. The benchmark cases are
divided into two classes (high-altitude and low-altitude point
source simulations) due to the great differences in modeling
radiation transport at low altitudes versus high altitudes.

3 MCNP Code

MCNP (4] is a general-purpose, generalized-geometry, time-
dependent, coupled neutron/photon Monte Carlc transport code
develored by Los Alamos National Laboratory. It solves neutral
particle transport problems and can be run in any of three
modes; neutron transport only, photon transport only, or
cowbined neutron/photon transport, in which the photons are
produced by neutron inelastic interactions. (See Reference 2)
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The user creates an input file that is read by MCNP. This file
contains information about the problem in areas such as: the
geometry specification, description of the materials, which
cross-section evaluations to use, the location and character-
istics of the radiation source, the type of answer or tallies
desired, and any variance reduction techniques to be used.
Examples of the input files used in this project are included
in Appendix A, including explanatory remarks. (A summary of
results is presented in Appendix B; tables of atmospheric
number densities are provided in Appendix C.) The remainder of
this section details the geometric specifications used to
define the problem and how the various parameters of MCNP were
tailored to this problem.

3.1 Assumptions and Approximations

1. Due to time constraints and the relatively short range of
the initial photon radiation, only the coupled neutron/photon
transport mode of MCNP was employed.

2. We did not address any time-dependence in the problem;
instead, we generated neutron and energy fluence calculations
only.

3. The model of the atmosphere we used was only made up by
nitrogen and oxygen. Their relative abundances were 79%
nitrogen and 21% oxygen. Since argon makes up most of the
secondary elements in air and its nuclear cross-section of
interaction is about that of nitrogen and oxygen, its contri-
bution was taken as negligible. Also, we were unable to access
the cross-section data with photon production for argon.

4. The air density changes with altitude, but the relative
elemental mix was kept constant (79% nitrogen and 21% oxygen)
up to 100 kilometers. This ratio varies by only a few percent
over that altitude range. The actual number densities with
altitude can be found in Appendix C, as provided by the
Weapons Laboratory and based upon the U.S. Standard Atmosphere
(1962) and CIRA models (1965).

5. The air density variation was analytically approximated by
an exponential density profile in which there is an e-fold
decrease in dersity every seven kilometers in altitude. In
addition, the discretization of the atmosphere into layers of
constant density introduced "stair-step" discontinuities in
the air density profile.

3.2 Neutron Source Spectra

A generic mixed fission/fusion source spectrum was used for
the high and low altitude problems. In order to perform accu-
rate comparisons of results between SMAUG-II and MCNP, the
same generic thermonuclear source spectrum was used in both
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computer codes. The data provided by the Weapons Laboratory
included a 37-group neutron spectrum (in file TNS.NEV) and a
21-group photon spectrum (in file EXP.GAM), ranging from sub-
thermal energies to 14.2 MeV for the neutrons and 14 MeV for
the photons. Only the neutron spectrun was used in the problem
since using a coupled neutron/photon source spectrum would
have increased run times. {(Later efforts may include source
photons.) In addition, at low altitudes, the source photons
are attenuated in short distances, so the secondary photons
(from inelastic scatter of neutrons and from neutron capture)
are the dominant contribution.

The neutron thermconuclear source spectrum energy bin probabil-
ities had been previously normalized %o one, thus the spectrum
could be directly input into the MCNP input file ("INP") with
no further modificaticns. The source spectrum specifications
within the "INP" file are given in Appendix A. The units for
this spectrum are "neutrons per MeV per source neutron®".

3.3 Cross Sections

The MCNP code package includes numerous libraries of nuclear
data tables which contain neutron and photon cross-sections
(5]. Various classes of nuclear data tables exist for MCNP.
These include: (1) continuous-energy neutron interaction data,
(2) discrete reaction neutron interaction data, (3) multigroup
neutron interaction data, (4) continuous photon interaction
data and (5) multigroup photon interaction data. In neutron-
only and coupled neutron/photon problems, one
continuous—energy, multigroup or discrete reaction neutron
interaction table is required for every element in the
problem. Likewise, one photon data table is required for every
element in a coupled neutron/photon or photon-only problem.

Each library contains data processed from a different source
of evaluated nuclear data files, such as ENDF/B~V, ENDL8S and
PERMAFILE. Los Alamos is continuously replacing obsolete
cross-section data from older sources. The input file for MCNP
not only identifies the elements and isotopes for a problem,
but also allows for the cross-sections from a specific library
to be called out. Each nuclear data table is identified by a
ZAID. The general form of a ZAID is ZZZAAA.nnX, where ZZZ is
the atomic weight, AAA is the atomic number, nn is the evalu-
ation identifier, and X indicates the class of data. ror
example, 7014.04D calls out nitrogen-l14: the D is for discrete
reaction cross-sections, and 04 identifies library D9 which is
based upon ENDF/B-IV source file and includes photon produc-
tion cross-sections. A 7014.50M calls out the multigroup
cross-sections found in library MGXSNP1l.




MCNP first accesses a consolidated reference file, called
XSDIR, which provides the address for each ZAID called out in
the input file. For more detail concerning cross-sections and
MCNP, see the MCNP Users Manuzl, Reference 2.

3.3.1 Neutron Cross Sections

The primary source for MCNP neutron interection data is the
ENDF/B system. The most recent cross-sections in MCNP
libraries are from ENDF/B-V Revision 2, but new MCNP interac-
tion data is expected in the near future when Los Alamos
re.eases data processed from ENDF/B-VI.

Data on the MCNP neutron interaction tables include cross-
sections and much more. For a continuous-energy table, the
cross-sections for each reaction are given on one energy grid,
which is dense enough that linear interpolation between points
reproduces the evaluated cross-sections within a tolerance
that is generally one percent or less. The resulting energy
grid may contain as few as around 250 points (for H-1l) or as
many as around 22,500 points (for Au-197).

Angular distributions of scattered neutrons are included for
all nonabsorption reactions. When tables include data for
secondary photon production, this data is presented as photon
production cross-sections and photon angular distributions.
All angular distributions are approximated in MCNP Ly equally
proballe cosine bins.

Discrete reaction tables are identical to the continuous-
energy tables except that in the discrete reaction tables all
cross-sections have been averaged into 262 groups. The
averaging was done with a flat weight function. This is not a
multigroup representation; the cross-sections are simply given
as histograms rather than as continuous curves.

The multigroup tables have been derived from the same sources
as the other neutron interaction tables, but the data has been
collapsed into 30 energy groups. Most multigroup tables
include photon production data in the same manner as the other
table types.

3.3.2 Photon Cross Sections

The photon interaction tables are based upon the ENDL system.
Cross-sections are given for coherent scatter, incoherent
scatter, pair productior and photoelectric effect. The form of
the ZAID is 222000.nnP for continuous-energy cross-sectlions
and 22Z000.nnG for multigroup photon cross-sections. For a
neutron-induced photon problem, entering ZZZAAA.naC or
ZZZAAA.nnM for neutrons will cause automatic use of ZZZC0U.nnP
or ZZ7Z000.nnG, respectively, for photons.




Energy grids are tailored for each element and contain 40~60
points. Log-log interpolation is used to determine cross-
sections between adjacent energies. Photon tables also include
information pertaining to the direction and energy of
scattered photons. The multigroup photon cross-sections have
been collapsed into 12 energy groups. See Reference 2 for the
multigroup energy spectrum.

3.3.3 Cross Sections Used

The majority of the continuous and discrete data libraries
were available with the MCNP code for this project. These
library files had been loaded onto the AFIT computer at the
same time as the source code. However, not all of the data had
been loaded, including the cross-sections for argon which
contained secondary phnoton production information. Therefore,
a coupled neutron/photon problen in the continuous-energy or
discrete mode could not be conducted if the problem contained
the element argon. Since the total cross-section for argon is
on the same order as nitrogen and oxygen, and since argon
makes up no more than one percent: by volume of air, we
excluded argcn from the problem with a negligible increase in
error anticipated.

The Weapons Laboratory provided a —opy of the multigroup data
library but we were unable to get MCNP to read data from the
file. It appeared to be some sort of format problem between
MGXSNP1, XSDIR, MCNP and perhaps even the computer operating
system. Los Alamos is providing additional copies of XSDIR and
MGXSNPl. It was initially planned to use the multigroup cross-
sections in order to reduce run times and to allow a more
direct comparison with a discrete ordinates solution. All
calculations presented in this report were generated using
discrete reaction cross~sections, rather than continuous-
energy, in an effort to reduce computing times.

However, l-ter calculations using the continuous-energy cross-
sections demonstrated an insignificant difference in run time
and the differences between results were within statistical
uncertainties. This is due to the relatively simple behavior
of the neutron cross-sections for nitrogen and oxygen with
energy; it re_uires about the same number of data points to
construct these cross-sections in both continuous and discrete
modes.

3.4 Varying Atmospheric Density

The great variation of air density with altitude is the very
reason why this is a nontrivial problem. The density of the
atmosphere is approximately exponential; we assumed that this
relationship was exact, i.e.,
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So for a problem defined over hundreds of kilometers in
altitude, there are extreme differences in air density and
therefore in the distances of radiation transport. For
example, a 2 MeV neutron has a mean-free-path for collision at
sea level of approximately 120 meters, while at forty
kilometers altitude the mean-free-path is almost 40 kilometers
and at 100 kilometers altitude it is essentially infinite
compared to the dimensions of the atmosphere. In reality the
atmospheric density profile is not exactly exponential, but
this approximation is analytically straight-forward and should
not introduce enough error to invalidate our insights and
concluasions regarding the practicality of using Monte Carlo
simulation for this problem. In any event, MCNP cannot
represent this exponential variation explicitly:; a histcgram
approximation using a spatial mesh of constant-density cells
is necessary.

Table 1 was devised in order to help in the set-up of the
geometries for this project. Only the interaction cross-
sections for nitrogen and oxygen were used for neutrons and
the total attenuation coefficient for air was used for
photons. The mean~free-paths are given at sea level, but can
be easily scaled to the altitude of interest nusing the seven
kilometer rule.

Table 1
Radiation Mean-Free-Path at Sea Level

ENERGY Neutron MFP Photon MFP

0.025 eV 18 m

1 keVv 28 m
10 keV 1.5 m
100 keV 50 m
2 MeV 120 m 150 m
10 MeV 145 m 385 m

The following sections explain the necessity to divide the
geometry of the problem intc cells of finite volume in order
to implement the variance reduction methods. The other prime
reason for this is that MCNP does not allow for a density
gradient across cells, so many cells are required to represept
the atmosphere. In order to properly represent the averade air
density for each cell (soc as to conserve the mass of .
atmosphere within each cell), we integrate the exponential air
density profile over the height of a cell to obtain
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where:

p is the average density in the cell of interest,
Po is the air density at sea level,

z, is the height of the upper cell boundary, and
z, is the height of the lower cell boundary.

Because of the great variation of air density, these cells are
not all the same size; they are much smaller at low altitudes
than at high altitudes. The shallower or smaller the cells in
height, the less coarse the air density profile. This eguation
was only used to model the atmospheric density up to 100 kilo-
meters. Above that, ° ‘e values from Appendix C were integrated
numerically to obtaii cell average densities.

3.5 MCNP Variance Reduction

Apart from the MCNP code documentation, LA-10363-MS [6]
provides a very useful tutorial on the employment of variance
reduction schemes in MCNP. The specific techniques we used (or
tried to use) are discussed briefly next.

3.5.1 Geometric Splitting/Russian Roulette

Geometric splitting/Russian roulette is the most widely used
variance reduction technique used in Monte Carlo analysis. It
is the most effective first step in obtaining substantial
gains in efficiency. This variance reduction technique was
chosen for this problem for several reasons, the most impor-
tant reason being lack of particle penetration, especially at
low altitudes.

At low altitudes, (ground level up to several Kilometers) the
air is dense enough that the mean free path of neutrons is on
the order of a few hundred meters. When defining a geometry
which is tens of kilometers in diameter and in height, the
direct path from the source to the detector will be approxi-
mately 10-20 mean-free-paths in length, and will decrease with
increasing altitude. Clearly, penetration problems can arise
for both the neutrons and photons when transporting these
particles from the source to the detector.

At high altitudes, the medium is less dense, and the mean free
paih for the neutrons is on the order of kilometers instead of
meters, and thus particle transport occurs with less need for
splitting/Russian roulette.
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In order to transport these particles through a relatively
dense medium, splitting surfaces must be created within the
geometry, allowing particle penetration by the creation of
several pasticles with reduced weights at each boundary
crossing. Particles that have small weights relative to the
local cell will be Russian rouletted. The ultimate gecal is to
maintain an even particle population in each cell with each
cell having a different average weight. This insures a more
even statistical contribution from each cell. Details of the
geometric splitting/Russian roulette variance reduction tech-
nigue can be found in the MCNP manual, Chapter 2, page 123.

For both the high altitude and low altitude problems, the
general procedure used in obtaining appropriate weights was as
follows:

1. divide the geometry into cells;
2. assign initial importances to these cells;
3. run a few thousand particles with no tallies;

4. for each cell, calculate a new importance value (using the
results in Table 126 of the MCNP output file) as the ratio
of the population in the source cell to the population in
the cell;

5. assign the new importances to these cells;
6. run a few thousand particles; and

7. repeat until the population and/or collisions in each cell
is approximately the same for all cells.

Note that it is customary to assign a neutron/photon impor-
tance of 1 to the source cell.

This technique was successful in the high altitude problen,
where adjacent cell importance ratios were low compared to the
low altitude problem. Even though the total number of cells in
both problems wis approximately the same, the reduced split-
ting in the hig. altitude problem resulted in much shorter run
times. For the :ow altitude problem, the extremely high cell
importances (on the order of 5000 at some remote cell loca-
tions relative to the source location) resulted in excessive
run times. Using a practical limit of 200 cells, no
improvement was possible in reducing the cell thickness for
better importance sampling.

3.5.2 Weight Window

The weight window variance reduction technigque is a space-
energy-dependent splitting and Russian roulette technique.
Details can be found in the MCNP manual, Chapter 2, paze 140.
An attempt was made to invoke the weight window technique in
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order to reduce the number of cells required and to counteract
some of the penetration problens present at low altitudes using
geometric splitting/Russian roulette. Some major advantages of
the weight window technique are as follows:

1. weight window is space-~enerqgy dependent; geometric split-
ting is space dependent only,

2. weight window will discriminate on particle weight before
deciding action; geometric splitting is done regardless of
particle weight, and

3. weight window does not require splitting surfaces, and can
be applied at surfaces, collision sites, or both;
geometric splitting can only be applied at surfaces.

Unfortunately, the successful application of the weight window
technigue demands considerable us.r understanding and inter-
vention. Entering weight window parameters such as energy and
importance cut-offs and weight window widths can be tricky, and
if incorrect, can be difficult to improve if the behavior of the
particle energy and importance across cells 1s not well known.
The internal weight window gererator within MCNP is designed to
aid the user in generating weight window importance functions
which would otherwise be found from guessing, intuition, expe-
rience, trial and error, etc. Unfortunately, the weight window
generator can produce poth good and bad results, forcing the user
to decide if the results are reasonable.

The weight window technigue was applied to the high altitude
problem to see if the technique was not only feasible but helpful.
Several problems arose when implementing this technigue. Initial
guesses of the space-energy parameters were input according to
suggestions in reference 7. The output information provided by
the weight window generator was mostly useless, providing no
improved information on the space=-energy cut-offs. After several
more tries with this technique, it was abandoned in favor of
using only geometric splitting/Russian roulette.

3.6 MCNP Tallies And Detectors

MCNP provides several standard types of tallies, six types for
neutrons and five types for photons; each tally is normalized
"per starting source particle". Descriptions of each of these
tallies are provided in the MCNP manual, chapter 2, page 80.
Because no results were obtained for the low altitude problem,
the tallies and detectors used in the high altitude problem
will be discussed. Table 2 lists the tallies used in the high
altitude problem and the corresponding tally/detector descrip-
tions and units as given on page 82 of the MCNP manual.
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Table 2
MCNP Tallies

Tally Units Description
F2 l/cm? Surface Flux
F4 1/cm? Track length estimate of cell flux
F52Z 1/cm? Flux at a point (ring detector)
*F4 MeV/cm? Track length estimate of cell energy flux
*F52 MeV/cm? Energy flux at a point (ring detector)

No user modifications to these tallies were made, even though
this is allowed in MCNP. The above tallies were used to give
the average flux across the cell surface, the track length
estimate of flux averaged over a cell (volume tally), and flux
at points located on a ring through a cell.

The units of the F2 flux tally are the units of the source,
explained in Section 4.2.1 of this report. In this case, the
source units are in terms of fraction of particles within the
source spectrum energy bin per source particle. Thus, since
there is no time dependence to this problem, this tally is
really a fluence tally. (In the remainder of this discussion,
"flux" is used to conform with the MCNP documentation, but
“fluence" is meant.) This tally then gives a surface flux
estimate which is averaged over a specific surface bounding a
cell.

The units of the F4 tally are identical to those of the F2
tally, and are defined in the same way as the F2 tally. The
difference in using this tally is that it gives you a track
length estimate of the flux averaged over a cell instead of
just a specific surface. It is important to maintain a
constant cell population from cell to cell. The F4 tally
becomes important when comparing ring detector values at cell
center or at some other point within a cell to the average
value over a cell. These two tallies will tend to differ
depending on the source to detector distance and the optical
thickness of each cell.

The units of the ring detector tally are identical to those of
the other two tallies. A ring detector is useful when the user
is interested in the average flux at a point on a ring about a
coordinate axis, in this case the vertical or z-axis. Ring
detectors were employed to enhance the efficiency of point
detectors because of the low probability of a particle
contributing to the dose to a detector at a large distance
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from the source. Azimuthal symmetry was assumed in defining
the problem, which lead to the use of a cylindrical coordinate
system, an ideal case for ring detectors.

For the high altitude problem, ring detectors were employed
not only to compare cell average fluxes with point values
within a cell, but also to compare the errors versus run times
for both tally types.

The units of the *F4 energy tally differ from those of the F4
tally in that the *F4 tally is an integral of the energy
deposited from each particle in the cell. It is used in the
same way as other tallies.

The units of the *F5Z detector tally are identical to those of
the *F4 tally. The *F5Z detector becomes useful when the user
requires the average energy flux at a point on a ring #bout a
coordinate axis, in this case the z-axis. The same advantages
and disadvantages inherent in using ring detectors hold for
ring energy detectors as well.

4 Details of the Test Cases
4.1 Point Source at High Altitude IR
4.1.1 Geometry Description

As discussed previously, mass-integral scaling is known to work
poorly at high altitudes, therefore a Monte Carlo simulation of
transport from a high altitude point source was assumed to be
able to provide a better answer but at an unknown computational
cost, presumed to be high. The first step in setting up a Monte
Carlo simulation is to divide up the region of interest into an
"adequate" geometry to obtain answers with good statistical i
errors. Several constraints drive the selection of such a geometry

for an atmospheric transport simulation, the most inmportant of Y
which is the variable density of the atmeosphere with height. This '
presents a complication for most Monte Carlc codes whiich are set
up to deal with homogeneous media. This density gradient demands
a geometry which is split up into vertical slices; the azimuthal
symmetry of the problem makes cylindrical slices a natural
coordinate system to use., Another factor which drives the
selection orf a problem geometry is the variance reduction
requirement. The most straightforward variance reduction tech-
nique is geometric splitting at cell boundaries; one needs to
provide enough cell boundaries so that one can generate cell
importance factors such that a roughly equal number of neutrons
enter each cell. A third geometry issue specif.c to this study
was the plan for a possible future comparison of the Monte Carlo
results with a discrete ordinates calculation of the identical
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problem. Ideally one would calculate the same problem on the same
yeometric mesh with both Monte Carlo and discrete ordinates and
obtain a 4direct comparison of the two approaches.

All these factors would lead one to generate a fine geometric
mesh with a large number of cells. However, as the number of
cells 1is increased, the computational c¢ost will increase,
nonlinearly with the use of geometric splitting. In order to keep
the run times less than a few days, and because of the time-
consuming processes involved with the input of large numbers of
cells and analysis of excessive volumes of output, we choosc to
limit the spatial mesh to no more than 20C cells. Working within
this constraint, the mesh shown in figure 2 was developed for
the high altitude simulation. At each height, the distance for
the vertical spacing was selected to be approximately one mean
free path for a two MeV neutron, since two MeV was the average
energy of the source spectrum used. At a height of 20 km, this
mean free path is reugnly 1 km. The exponential scale height of
the atmosphere is approximately 7 km; the half scale height, the
distance over which the density changes by a factor of two, is
about 5 km and is a more useful number. For the majority of cells
in the problem the density changes by a factor of two from bottom
Lo top. The uniform density used for the cell for the Monte Carlo
simulation is the calculated average density across the height
of the cell, so that the total mass contained in a vertical slice
of the atmosphere is conserved.

Above 100 km, the mixing ratios were obtained from the US Standard
Atmosphere (Appendix C). Instead of using an exponential density
profile, the values from the US Standard Atmosphere were inte-
grated and this average value used. The regions above 100 km were
shown to be unimportant for a 40 km source altitude. A comparison
of twc runs, one having a vacuum boundary at 100 km, and one
including the regions above 100 km showed no statistirally
significant differences. Examination of the MCNP outrvur file
showed that while the same number of neutrons enterec ("1 ¢ells
in the problem, no collisions occurred in these regi .. b¢~ i1se
the atom density is so low.

—a e . s ay

This last fact is the key reason why the MCNP simulations for a
high altitude source were successful: this is an optically thin
problem! While a co-altitude distance of 100 km may seem to be
very large, for a 40 km source height, this is only 4 or 5 mean
free paths. In this high altitude problem (uniike the low altitude
simulation) neutrons reached every region of the problem without
any variance reduction, so tweaking the cell importances to
transport egual numbers of neutrons to all regions of the problens
only requirecd one or two MCNP runs.
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The cell structure used for the 40 km source altitude simulation
is shown in figure 2. The vertical dimension is divided by planes
perpendicular to the z axis. The horizontal dimension is divided
by cvlinders parallel to the 2z axis. The heights of the planes
and the radii of the cylinders are listed. Also listed is the
number of each surface as used in the geometry specification of
the input file. For example, in MCNP one defines the volume of
Cell 505 as being ABOVE Surface 20 (+20), a plane perpendicular
to the 2z axis at a height of 27.5 km, BELOW Surface 21 (-21), &
plane perpendicular to the z axis at a height of 30.0 km, OUTSIDE
Surface 5 (+5), a cylinder concentric to the z axis with a radius
of 22.5 km, and INSIDE Surface 6 (~6), a cylinder concentric to
the z axis, with a greater radius.

The outside of the problem is modelled as vacuum. This is not a
realistic boundary condition, so the neutron fluence in the
ovtermest cells was never calculated. An earlier geometry only
had a radius of 42.5 kilometers; a comparison of the results from
the earlier geometry versus that of figure 2 showed statistically
significant differences only in the outer cells. An alternative
approach is to use reflective boundaries with some albedo
estimated using MCNP to ccmpare the fluences of the outermost
cells and those in the next layer in; however, it is more reliable
to neglect the outermost cells.

Although the atmospheric density variation with altitude and
azimuthal symmetry inherent in this problem make cylindrical
geometry convenient for a high altitude point source, there is
an alternative geometry which seems natural. If the atmosphere
were homogeneous, one would expect constant fluence along surfaces
of constant range, i.e. spherical symmetry. The atmospheric
density gradient skews these surfaces, making them closer in
going down into thicker air and farther apart going up into
thinner air. These surfaces of constant optical thickness are
showr, in figure 3, in units of t,, which is the optical path

length that a neutron would see going straight up from the given
altitude to infinity, i.e., at a source elevation cngle of +90
degrees. v, at a source height of 40 km 1s an optical thickness
of 0.292. However, as seen in figure 3, these surfaces are not
closed for r greater than t,. Physically, this means that above

a certain elevation angle, +<here is not enough air along that
direction to provide that large an optical path length before
the neutron escapes. Notice that for negative source elevation
angles, i.e. below the source point, the surfaces are always
defined. These surfaces are interesting because they are the
surfaces which have constant mass integrals, and one would expect
SMAUG~II to provide results governed only by spherical divergence
along them.
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4.1.2 Problem Discussion

After this mesh was developed, the following procedure was used
to calculate the cell importance for geometric splitting. An MCNP
calculation with 50,000 source neutron tracks with all cell
importances equal tc 1.0 but without any detectors was run. The
output file from MCNP lists the neutron tracks entering and
population in each cell. A cell importance of 1.0 was assigned
to the cell containing the source point, and the importances of
the other cells was calculated to normalize the tracks entering
each to the number in the source cell. The problem was then rerun
with the new cell importances, and the tracks entering each cell
checked. Except for an occasional typo (the cell importances were
entered manually), the tracks entering each cell would be constant
to 2% to 5% after one iteration. A similar procedure was attempted
for photons once, but was not as successful. This can be attributed
to the fact that only n-ganma reactions were included in the
calculations, i.e., no photons from the source. The gamma creation
source is distributed throughout the problem mesh, and splitting
only affects those secondary photons which cross boundaries.
Geometric splitting may not be the best method to optimize the
gamma population. Time constraints prevented a more thorough
investigation of the neutron induced photons in this problem.

The selection of detectors evolved during an initial phase of
test proklems in homogeneous, low density (30 km equivalent) air.
our first detector was a 10 meter diameter Al sphere located at
a range of 7 km from the socurce point. However, unless this sphere
is centered on the z~axis, the cylindrical symmetry of the problem
is broken and MCNP will not calculate the volumes of all the
regions correctly. For a gquick fix, the sphere was moved to a
point on the z~axis, 7 km directly above the source point. With
no variance reduction, source biasing, etc., no collisions with
this sphere were recorded for a run with 10,000 source neutrons.
The sphere was moved to a point 1 km above the source and we
£till could not hit it! This very quickly demonstrated an inherent
limitation of Monte Carlo; it does not give good results for
small regions. While a 10 m diameter sphere doesn’t seem like a
small radiation detector, it 1s very small in terms of the solid
angle subtended, even at 1 Km.

There are technigques which could have been employed to try to
overcome this problem, though not without a proportional
computational cost. These techniques have been discussed
previously in this report, and are well described in the MCNP
manual. Based on these results, instead of trying to use "detector
volumes", it was decided to use two of the tallies built into
MCNP; cell average tallies for mapping purposes, and ring
detectors for point answers. Cell average tallies for the cells
used in this problem are only useful for mapping because the cell
volumes are so large, 1. e., the cell average is not the value

22

-6




at the cell center. For cells close to the point source, where
the gradients are large, the cell average is of limited value
even for this purpose. A comparison of the cell average fluence
and the cell center fluence determined from ring detectors showed
the difference was as large as a factor of 5 in cells two layers
away from the source, and around a factor of 2 different farther
away from the source. Ring detectors with a radius of 100 m were
also used to provide point answers which could be directly compared
to SMAUG which provides point answers. Because ring detectors
calculate the effect of every particle run in the problem, they
are computationally expensive compared to cell rverage tallies.
While MCNP will calculate up to 100 cell average tallies per run,
one is limited to only 20 ring detectors per run. The combination
of high computational cost and limited number of detectors makes
it impractical to map out the fluence using ring detectors.
Instead, the ring detectors were placed on surfaces which would
highlight the differences between mass-integral scaling and the
Monte Carlo results: surfaces of constant range (spherical
shells), which would show a response independent of source
elevation angle in a uniform atmosphere, and surfaces of constant
optical path length, on which one would expect to see a response
proportional to the inverse sguare of the range due to spherical
divergence.

4.2 Point Source at Low Altitude
4.2.1 Geometry Description

The primary goal in determining the geomet-y for a particular
problem is to model, as accurately as possible, the geometric
features and the material properties that are inherent in the
problem definition. A secondary goal is to obtain the simplest
geometry possible without overly compromising its validity. By
retaining certain symmetries in the problem, the complexity and
computation time can be reduced. The only geometric feature
inherent in the low altitude problem is the airspace itself,
which is, for all practical purposes, unbounded relative to low
altitudes. The primary material feature to keep in mind is the
changing atmospheric density with altitude. The density values
over several tens of kilometers vary by a few orders of magnitude,
and can drastically affect the transport characteristics of the
neutrons and photons. The goal then, is to "contain" the
surrounding airspace within certain geometrical 1limits while
recognizing the need for variation of density at certain altitudes
or "bands" of altitudes.

The final geometry used for both the high and low altitude problems
was a result of previous investigations into the best methods
for modeling the airspace surrounding the point source. To scope
the problem, we first used concentric spheres centered around
the source. This simple geometry allowed us to not only become
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familiar with running MCNP, but allowed for a few simple analytical
results to be calculated as benchmarks for MCNP results. It became
apparent that a cylindrical geometry would be best in that it
would be simple to implement, simple to visualize, and would
allow for modeling the problem more accurately by introducing
variable atmospheric densities.

Advantages to this geometry include simplicity and function; the
geometry is simple to visualize by an unfamiliar user. This
geometry is also relatively easy to input into the MCNP input
file, "INP". To take advantage of the assumed azimuthal (or
rotational) symmetry, cylinders of increasing radius were used
to define the vertical surfaces. The horizontal surfaces were
defined by planes of increasing altitude. The MCNP input file
"INP" for this problem is given in Appendix A, where the cell
and surface specification cards are listed first. Eachk major
portion of the "INP" file is explained in o.sder to aid the
unfamiliar user in comprehending the gecmetry. The graphical
representation of the geometry used in the low altitude problem
is shown in figure 4.

As seen in figure 4, only the right half of the cylinder is
shown, since the problem is assumed to have azimuthal
symnetry. The problem is thus modeled in three dimensions with
the restriction that rotational symmetry be employed. The size
of the problem is limited in that there is only 15 Kilometers
of horizontal distance and 20 kilometers of wvertical distance,
The vertical distance exceeds the horizontal distance to
reduce the leakage rate of particles out of the top surface.
This is due to the reduced density of air at higher altitudes.
There are 179 cells defined in this geometry. Each cell is
bounded by cylindrical surfaces on the left and right and by
plane surfaces on the top and bottom. Each cell and surface is
defined separately in the "INP" file (see Appendix A), and
each is referred to by a separate cell or surface number. In
this case, surface numbering begins with the innermost
cylinder (surface 1), progresses outward until the outermost
cylinder is reached (surface 10), and then begins at ground
level (surface 11) and progresses upward until the top-most
surface is reached (surface 31).

The ce.l structure shown in figure 4 was chosen based
primarily on a 200 cell limit. The cell numbering scheme was
chosen to resemble the indexing of a matrix, allowing easier
identification of cell locations within the geometry. Because
of the 200 cell limit, the sizes of each cell were large rela-
tive to the mean free paths of the neutrons. At sea level (0
kilometers), the total mean free path (scatter + absorption)
of a neutron is approximately 120 meters (table 1). The
absorption mean free path of a neutron is much farther, but
analysis of the cross sections showed that particle transport
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is dominated by scattering in air. Therefore, at sea level,
each cell is approximately 12 mean free paths in thickness, a
serious problem when trying to transport a sufficient number
of particles over several kilometers. This invariably means
that high importance values are required at each cell
boundary, and will increase with increasing distance from the
source.

For simplicity, the source was modeled as an isotropic point
source, located at an altitude of 11 kilometers, and in the
center of cell 91. It is not recommended that a scurce be
placed on a boundary: this could lead to problems in deter-
mining the true importance weighting between cells. The cell
sizes in the immediate proximity to the source were expanded
because transport of the particles was not a problem at these
distances. This conserved the number of cells use in the
problem while decreasing the overhead required in implementing
the geometry, the importances, estc. At distances farther from
the scurce, the cell sizes were smaller and remained constant
throughout the rest of the problem to aid in particle trans-
port.

4.2.2 Problem Discussion

The primary goals in the analysis of the low altitude problem
were to examine the free-field fluence and dose from a point
source at a specified altitude within the atmosphere and to
provide results for comparison against SMAUG I1. The source was
taken to be an isotropic point source for simplicity. The source
spectrum used is described in Section 3.2.1 and can be found in
the source specification cards within the "INP" file given in
Appendix A.

The first step in the analysis of this problem was to determine
the best geometry. It was determined that a cylindrical gecometry
is naturally suited for a problem of this type so that variations
in atmospheric density could be implemented easily without undue
complexity in the geometry. The source was placed at an altitude
ot 10 Kilometers for earlier runs and was changed to 11 Kilometers
in later versions of the geometry.

At first, only simple geometries such as spheres an” cylinders
with no internal structur2 (cells) were used, in oraer to
become familiar with running MCNP and determining the major
transport characteristics of the neutrons and photons. Several
factors became apparent during this early analysis, and are
listed as follows:

1. scattering is the dominant transport mechanism for both
neutrons and photons,
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2. absorption is present, but is a minor characteristic except
at low energies, where the absorption cross-secticn
becomes larger,

3. the average energy of the neutrons is approximately 1.98
MeV,

4. mean free path for neutrons at very low altitudes is
approximately 120 meters, and increases with increasing
altitude, and

5. the contribution due to nitirogen scatter is a factor of
nine greater than the contribution due to oxygen scatter,
even though the difference in weight percentage is roughly
a factor of four. .

As the amount of information pertaining to the particle trans-
port characteristics increased, it became clear that no
particles were reaching the outer boundaries of the cylinder,
primarily because the particle weights were so small that they
were Russian rouletted long before reaching the outer
boundary. It was necessary to gradually increase the
complexity of the geometry by increasing the number of cells
in order to provide splitting surfaces for geometric split-
ting/Russian roulette. The importance factors for each cell
had tc be obtained by turning off all tallies and detectors
and running a few thousand particles so that new importance
factors could be calculated.

At this point, still no success was achieved in transporting
particles more than a few cells away from the socurce. The next
step was to increase the number of cells to an already growing
number of cells within the geometry. Particle transport still
proved to be extremely difficult at distances greater than
three or four cells away from the source cell. The vast
majority of particle tracks ended primarily through Russian
roulette due to low weights. It was decided that increasing
the number of cells up to the limit of 200 cells was neces-
sary. A 200 cell working limit had been chosen so an excessive
amount of user overhead and run time could be avoided. At
this point, 179 cells had been defined. This greatly increased
the manhours necessary to redefine the geometry and run test
cases to determine importances. The initial importance factors
that had been input as guesses proved to be too small for
adequate particle transport, so the importance factors were
increased by an order of magnitude and the run repeated. By
this time, importance factor guesses ranged from a value of 1
at the source to 5000 at the outer cell locations relative to
the source. Problems with computer failure of the ELXSI
computer at AFIT became a major source of aggravation and work
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stoppage. The mean time between failure of the ELXSI became
less than the run time for the geomeiric splitting/Russian
roulette alone, with no tallies or detectors. For the reasons
described above, the latter geometry configuration never ran
to completion, even after seven restarts. The actual run time
for splitting alone is currently unknown. The longest run time
attained thus far was 2600 minutes of live cpu time, where the
cpu usage varied between 25 and 50 percent, implying that the
real time would be at least twice 2600 minutes for job comple-
tion.

The latest geometric configuration used is shown in figure 4.
The cell and surface card specifications for this geometry are
shown in Appendix A. The importance values shown are not
necessarily the correct values, but merely guesses, and give
the user an idea as to the magnitude of the splitting ratios
required to reach the outer cells.

Based on the above analysis and persconal experience, the Monte
Carloc technique at low altitudes is impractical because of
long run times, high importance factors, and limitations
imposed by the large number of cells required to achileve
adequate particle transport.

S Comparison of Results
5.1 High Altitude Simulation
$.1.1 Cell Average Results

The results of the MCNP calculations using cell average
tallies for cells closest to co-altitude and above are shown
plotted against horizontal radius ("ground range") in figure
5. The tally plotted is the energy deposited in the cell in
MeV per gram per source neutron. MCNP provides the option to
calculate either cell average neutron fluence or energy depos-
ited, and because the ultimate goal of these simulations is
dose prediction, the energy option was selected. Because of
time constraints we were unable to convert these results to
rads silicon or rads tissue.

The location of the cell average tally is plotted as though it
occurred at the cell center. Plotting these results as a func-
tion of height and radius makes them easy to visualize using
the geometry shown in figure 6. (The numerical values of the
results from the 40.05 km source altitude radiation transport
simulations are listed in the table in Appendix B.) The curve
labeled at a height of 47.5 Km corresponds to the cells 01 to
14 in row 9, which have a center height of 47.5 km. The curve
at 42.5 km is made up of the co-altitude cells, etc. It is
more informative teo plot these results against range, as is
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done in figure 6. On a log-log plot, a curve which has a power
dependence appears as a straight line with a slope equal to
that power. An r~2 curve is plotted for reference on figure 6,
which is the prediction of spherical divergence. As is seen,
the energy deposited follows the spherical divergence .redic-
tion out to approximately 40 km, and then begins to de ‘rease
faster than r~*. This occurs because at ranges greater inan 490
km above the source point, attenuation by the atmosphere
begins to dominate. The result at a range of 3 Km is signifi-
cantly higher than the spherical divergence prediction because
this is the cell average tally for the cell (cell 801 from
figure 2) which contains the point source. The gradient across
this cell is large, so the cell average does 1ot accurately
represent the value at the cell center.

The cell average enerqgy deposited for cells closest to
co-altitude and below the source point is shown in figure 7,
plotted as a function of radius ("ground range"). Figure 8
shows these same results plotted as a function of range
("slant range"). As before, the cell average shows deviation
from r~® relation closest to the source because of the large
gradients present in the cells closest to the point source
(cell 801 and 701 in figure 2). Again the results show the
dominance of spherical divergence close to the source, but
because the path to these cells from the source is down into
thicker air, the faster than r~* falloff of the energy depos-
ited caused by attenuation begins to show up at 20 km,
one-half the range as was seen for cells above the source. The
greatest deviation from the r~* behavior is seen for cells
which are lowest below the source (22 km height corresponds to
the cells in row 2 of figure 2) which have the largest mass
integral, hence the largest attenuation. As seen in figure 8,
this behavior occurs monotonically as the cell locations go
down into thicker air, as one would expect.

MCNP provides a statistical error estimator which is the
reduced standard error of ithe mean. Table 2~3 of the MCNP
manual gives guidance for the confidence level of the answer
based on this estimator. The errors for the cell average
tallies were for the most part 0.05 or less, with one or two
cells which were "hard to hit" *ccause of the problem geometry
having errors around 0.10. The cnnfidence of these results
based on this error estimate is good. The errors are not
plotted on any of the figures because they are smaller than
the symbol markers on the logarithmic scale, however, they are
listed in Appendix B.
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5.1.2 Ring Detector Results

The results from the cell average tallies display reasonable
behavior and demonstrate that the geometry selected for the
problem is "good", but "good" cannot be quantitatively defined
because these results cannot be directly compared to any other
references. As was mentioned earlier, the cell average tallies
are not computationally expensive; for the results discussed a
total of 98 cell average tallies per run were calculated. For
comparison to the mass-integral scaling (MIS) results produced
by the computer code SMAUG, point answers are required.
Because it is extremely difficult to hit small detector
volumes with the Monte Carlo method, the ring detectors built
into MCNP were used to provide point answers. (A point in an
azimuthally symmetric geometry maps into a ring.) Because the
ring detectors were built into MCNP, use of the ring detectors
did not require the problem geometry to be specifically
tailored to obtain transport with good statistics to one or
two locations. Modification of the input file to obtain an
answer at a specific ring location is a trivial two line
change. However, reinforcing the observation that the product
of speed and usefulness is a constant, ring detectors proved
to be computationally expensive (computatiocnal costs will be
compared later in this section). In MCNP, ring and point
detectors can only provide the fluence, not the energy depos-
ited. Information on the spectrum can be obtained from other
features of the code, however, comparisons with SMAUG were
performed with the fluence results because this was simpler.

Figure 9 shows the results from MCNP caliculations of fluence
per source neutron on surfaces of constant rauage at source
elevation angles froam +S0 degrees (directly above the source
point) to =90 degrees (directly below the scurce point). At a
range of 3 kir, the fluence is fairly constant over all angles
because the range is smzll compared to the scale of variation
of the atmospheric density. For ranges from 6 to 12 km, the
fluence increases as one scans througn the angles from above
to below the source. This result is explained by the fact that
neatron flux or fluerice is greater in regions where there are
more collisions because the neutron track length is greater.
The increasing density with decreasing altitude means that
each neutron will experience more collisions below the source
and contr.bute more to the fluence, i.e., one observes buildup
from scattering. Above the source, each neutron undergoes
fewer collisions so tre fluence per neutron is smaller, i.e.,
above the source one observes streaming behavior. At ranges of
15 and 18 km, the fluence increases with decreasing source
elevation angle, but reaches a maximum and then decreases.
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These paths at the largest range and the most negative source
elevation angles have the largest mass integral, and attenu-
ation begins to dominate over buildup from scattering.

Figure 10 shows the SMAUG results for the same detector loca-
tions as shown in figure 2 on the surfaces of constant range.
The same trends are observed in the SMAUG results as in the
MCNP results: small variation at the closest range, buildup
from scattering in thicker air below the source at interme-
diate ranges, and eventually attenuation dominating buildup at
the largest mass integrals. However, the SMAUG results are
consistently higher in most regions of the problem than the
MCNP results. A comparison of these results is shown in figure
11, where the values of 00X (SMAUC~-MCNPY MCNP are listed.
The behavior seen here is best explained by neutrons emitted
in the downward direction being scattered up and escaping, a
mechanism which is not accounted for by MIS. It appears that
in this comparison the total number of neutrons is not
conserved, i.e., SMAUG is lower below the source point more
than MCNP is higher above it. This occurs because the fluence
is dependent upon the collision density; those neutrons which
scatter up escape with fewer collisions and contribute less to
the fluence than neutrons below the source.

The errors of the ring detectors at these locations were
almost all less than 0.05, with the exception of the results
for the ring detectors directly below th: point source at
ranges of 15 and 18 km, which had errors of 0.08 and 0.10. The
error tolerance on the results of ring detectors is nore
stringent than for cell average tallies, however, these error
levels indicate these results have good confidence.

For another comparison between SMAUG and MCNP, ring detectors
were placed on surfaces of constant optical path length at
scurce elevation angles from +90 degrees to -90 degrees for
specific values of T less than T. at 40 km. Since the surfaces
of constant optical path length become undefined for source
elevation angles greater than a critical angle for T greater
than ., positive elevation angles could not range up to 90

degrees. Figure 12 shows the results of the MCNP calculations.
The same basic trend is observed again as in the results for
the constant range cases: the flux increases downwards into
thicker air. The flux does not decrease at the lower elevation
angles because the attenuation on the surfaces of constant
optical path-length is equal. Figure 13 shows the SMAUG
results for the same detector locaticns. Again the same trends
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as a function of source elevation angle are predicted by both
SMAUG and MCNP, and the SMAUG results are higher than the MCNP
results.

Figure 14 shows a comparison of the MCNP and SMAUG results
plotted as a function of range for T greater than T., where T,
for a 40 km source altitude equals 0.292 or about 6.5 g/cm>.
Again r~? (spherical divergence) curves are shown on the
graphs for comparison. At a T of L.37t,., both MCNP and SMAUG

display an r~® response. At T of 3.42tT. and S.l4t., SMAUG is

dead on an r response, which should be expected from MIS on
surfaces of equal mass integral. At forty kilometers, S5.l4tT.

eguates to about 35 g/cm®. The MCNP results for these T fall
off faster than r~®, more for positive source elevation angles
than negative, which again shows that MIS does not adegquately
handle the greater escape probability for neutrons travelling
up into thinner air.

-2

The errors for the ring detectors on the surfaces of constant

optical path length were less than 0.05, with the exception of
the results for the two detectors at the farthest ranges which
had errors of 0.08 and 0.10, Again these error levels indicate
a good confidence level in the MCNP results.

5.1.3 Computational Costs

A critical issue in evaluating the feasibility of using Monte
Carlo methods to model radiation transport in the exponential
atmosphere is the computational cost of the various runs. An
MCNP run of 50,000 source neutrons on the 181 cell geometry
without employing any variance reduction techniques or tallies
took 60 minutes, or 0.072 seconds per source neutron. An MCNP
run of 25,000 source neutrons with geometric splitting and 98
cell average tallies toock 400 minutes, 0.96 seconds per source
neutron. With geometric splitting a total of 1,273,414
neutrons were tracked. Runs with the ring detectors prcved to
be much more expensive. A run of 7500 source neutrons with 14
ring detectors toock 580 minutes, 4.64 seconds per source
neutron. A total of 380,693 total neutrons were tracked. While
these run times were long, they were shorter than the mean
time between failure of the ELXSI computer at AFIT, which was
not true for the low altitude simulations.

Ancther issue in computational cost is the type of cross
section used. MCNP offers the options of continuous cross
sections (first order interpolation between points), discrete
cross section (zeroth order interpolaticn between points), and
multigroup cross sections. The continuocus cross sections
should provide the most accurate answers, but will take more
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time to run for most elerents. The discrete cross sections
will run faster in most cases, but not be as accurate. The
multigroup cross secticns are the smallest so should run the
fastest while being less accurate, however the multigroup
cross sections have the advantage of being directly transport-
able to discrete ordinates calculations. All of the MCNP
calculations were performed using the discrete cross sections.
A test run with one the calculation using the continuous cross
sections showed no statistically significant variations
between th2 two calculations, and took the same amount of run
time to less than .05%. The time for the calculation was
nearly identical because this problem only included nitrogen
and oxygen which have no sharp resonances in their cross
section:; in general use, the continuous cross sections will
take more time. We were unable to perform a comparison.with
the multigroup cross sections because nf difficulties getting
these cross sections read onto the ELXSI computer.

5.2 Low Altitude Simulation

Several problems arose during the low altitude problem. First,
because of the 200 cell limit, the cell sizes were orders of
magnitude too large for proper transport of the particles
through the medium. Ideally, the cell thickness should ke no
larger than a mean free path, but this was impossible because
of the scale of the problem. Reducing the cell thickness to
approximately ten mean free paths (still optically very thick)
at the lowest altitudes would mean giving up wvaluable cells in
the higher altitudes. This would have introduced substantial
error, since reserving most of the cells to the lower alti-
tudes would have omitted down-scatter from higher altitudes.
Reducing the size of the geometry would have made the problem
impractical from the standpoint that detector locations would
now be severely distance limited. This also would have intro-
duced more error into the problem by increasing the particle
leakage from the outer boundaries. ’

Another major problem encountered during the analysis was the
very high importance factors needed to transport the particles
from the source region to the outer cell regions, especially
at low altitudes where the density is highest. It was deter-
mined after many smaller runs that importance factors on the
order of 5000 for the lower regions were necessary to
transport the neutrons to the farthest cell locations. The
result of these high importances was to cause the run times to
increase dramatically to the point where no jobs ever finished
and final importances could be determined.
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Reliability problems with the ELXSI computer were also encoun-
tered throughout the entire analysis period. Towards the end
of the analysis period after the final geometry configuration
was determined, the mean time between failure of the ELXSI
computer was less than the run times necessary to complete the
geometric splitting/Russian roulette alone, sans tallies and
detectors. This was a strong indicator of the impracticality
of using Monte Carloc for a problem of this type.

At this time there are no results to report. The most uptodate
geometry configuration used is provided on figure 4 and the
corresponding input file is listed in Appendix A. It became
apparent after much trial and error that analysis of the low
alt.tude problem by Monte Carlo is too impractical. A problem
of this type demands a specialized approach and a specialized
computer ccde that can handle the difficulties encountered in
this analysis. Some suggestions for future efforts in dealing
with this problem in Monte Carlo are:

1. modify an existing Monte Carlo code (e.g. MCNP) to allow
variations in material density without specifying vertical
cells,

2. with the capability to vary material density without
vertical cells, only surfaces in the radial direction are
needed to assist in particle transport, and

3. invoke more advanced variance reduction techniques to aid
in particle transport and efficiency, some suggestions
are path length stretching, iteration on the forward and
adjoint solutions, and DXTRAN spheres.

6 Conclusions

Wit respect to knowledge and insight gained, this project was
guite successful. From our efforts in constructing the geome-

tries and cell meshes important to Monte Carlo simulation, and
from our iterative variance reduction exercises, we feel that

we have generated a significant body of knowledge with regards
to applying MCNP to this problem, which someone else can apply
and save considerable time and energy in the initial stages of
additional research in this problem area.

We have demonstrated, taking into account our approximations
of the atmosphere, that SMAUG-II predictions can be accurate
within a few percent close to the source point, as well as
significantly in error (30-40%) only about 12 kilometers away
below the point source due to losses out the top of the atmo-
sphere. {Infortunately, we were unable to look at radiation
transport at more considerable distances due to limitations of
Monte Carlo simulation, MCNP, and the time available. We were




not able to look at distances farther out than those which
relate to the build-up regicn. The contributions from primary
and secondary gammas need to be included in future work in
order to present a more comprehensive analysis.

Applying Monte Carlo to this problem demands the trade-off
between computational run time and achieving an acceptable
resolution to the results. Mapping out tne radiation distribu-
tion with cell average tallies provides insight into the
radiation transport but it is doubtful that comparison with a
discrete ordinates solution is possible because the great
nunbers of cells needed to allow for small cells at long
distances is probably computationally impractical. The same
difficulty may prevent the use of point or ring detectors at
long distances, because most variance reduction methods
require cells or surfaces throughout the problem in order to’
propagate the radiation to field points far from the source
with any statistical significance. The transport of radiation
in the lower atmosphere is severely limited and should prob-
ably not be pursued in future research.

Monte Carlo production codes, including MCNF, have not been
constructed to handle this type of problem. A Monte Carlo code
designed to this problem would be useful. Limitations such as
restrictions on the number of cells allowed and not allowing
material density gradients within cells could be eliminated.
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Appendix A: Input Files

This appendix contains input files fcr MCNP and for SMAUG-II.
The following are included:

1. Notes regarding MCNP input file for high altitude case.

2. Listing of high altitude case input file for MCNP. (It cites
the notes presented in the previous item.)

3. Input file for SMAUG-II.

Notes From Input File Used In High Altitude Case

N1: The cell numbers correspond to those shown in Fig 4. For
the cells up to a height of 100 km, material 1, which is a 79%
nitrogen, 21% oxygen mixture is used. The photon importances
listed need to be recalculated before acceptable photon tallies
can be obtained.

N2: Material 2 is used for these cells, which is a 78% nitrogen
21% oxygen mixture.

N3: Material 3 is used for these cells, which is a 69%
nitrogen, 31% oxygen mixture.

N4: Material 4 is used for these cells, which is a 51%
nitrogen, 49% oxygen mixture.

N5: CZ describes a cylinder parallel to the z axis with a

radius as listed. The units used in MCNP are centimeters, so 10°
centimeters equals 1 kilometer.

N6: These are the specifications used for a ring detector,
tally type 5. The 2 after the tally number specifies a ring
perpendicular to the z axis at a given radius. The location of
the ring is specified by the cylindrical coordinates of the
ring, (z,r), and optionally, the radius of the torus. Guidance
on the selection of the radius of the ring detector is given in
the MCNP manual in the section describing the tally types.

N7: These are the energy bins for MCNP that MCNP will keep
track of the fluence. This feature of the detectorg can be used
to obtain spectral information about the neutrons that reach the
ring detectors, even though the ring detector tally only gives
the fluence, not energy deposited.
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INMP:P=14
IMP:P=1.6
IMP:P=190
IMP:P=7.0
IMP:P=2.3
IMP:P=1.2
IMP:P=1
IMP:P=569
IMP:P=19.6
IMP:P=15.6

3 N2

IMP:P=2.7 $ N3

IMP:P=1.7

IMP:P=569 3 N4

IMP:P=43.2
IMP:P=9.5
IMP:P=4.2
IMP:P=2.6

IMP:P=0 $ OUTSIDE WORLD

15 CONCENTRIC CYLINDERS 16 PLANES PERPENDICULAR TO Z AXIS



12 CZ 70.0E+5
13 CZ 80.0E+5
14 CZ 90.0E+5
15 CZ 100.0E+5
16 PZ 20.0E+5
17 PZ 21.25E+5
18 PZ 22.5E+5
19 PZ 250E+5
20 PZ 27.5E+5
21 PZ 30.0E+5
22 PZ 35.0E+5
23 PZ 400E+5
24 PZ 45.0E+5
25 PZ 50.0E+5
26 PZ 60.0E+5
27 PZ 80.0E+5
28 PZ100.0E+5
29 PZ150.0E+5
30 PZ200.0E+5
31 PZ300.0E+5

MODENP
C ISOTROPIC FISSION SOURCE AT (0,0,50 klicks)
SDEF ERG=D1P08S=0 0 40.05E+5 CEL=801
SC1 FISSION SPECTRUM (GENERIC)
SI1 H 4.14E-7 1.1254E-6 3.059E-6 1.0677E-5 2.9023E-5 1.013E-4 5.8295E-4
1.2341E-3 3.3546E-3 1.0333E-2 2.1875E-2 2.4788E-2 5,24 75E-2
0.1111 0.1576 0.5502 1.108 1.827 2.307 2.385
3.0124.066 4.724 4.966 6.376 7.408 8.187
9.048 10.00 11.05 12,21 12.82 13.84 14.19
SP1 D000002.0226E-3 2,3974E-2
4.2300E-2 7.9823E-2 1.1337E-1 8.4647E-2 1.4145E-2 8.1805k-2
7.0979E-2 3.3869E-2 9.8584E-2 §.4961E-2 6.2051E-2 2.5916E-2 3.6882E-3
2.2402E-2 2. 6063E-2 1.2918E-2 4,0545E-3 1.8073E-2 8.6953K-3 5.8951E.-3
6.1457E-3 7.8970E-3 9.4915E-3 1.6382E-2 1.7368E-2 3.3667E-2 9.3298E-3
C MATERIAL SPECIFICATION
M1 7014.04D -0.79 $ DISCRETE NITROGEN XSEC
8016.30D -0.21 $ DISCRETE OXYGEN XSEC
M2 7014.04D -0.78 $ DISCRETE NITROGEN XSEC
8016.30D -0.22 $ DISCRETE OXYGEN XSEC
M3 7014.04D -0.69 $DISCRETE NITROGEN XSEC
8016.30D -0.31 $ DISCRETE OXYGEN XSEC
M4 7014.04D -0.51 $DISCRETE NITROGEN XSEC
8016.30D -0.49 & DISCRETE OXYGEN XSEC
C 18000.01D -0.01 $ omitted don't have Ar Xsec with gammas!!!
PHYS:N,P 14.2 $ CROSS SECTIONS ABOVE 14.2 MEV WILL BE EXPUNGED.
C
C TALLY CARDS
C  NEUTRON (1/ecm2) from ring detectors
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C
'5Z:N

F15Z:N
F25Z:N
F35Z:N
45Z:N
F55Z:N
F65Z:N
F75Z:N
F85Z:N
F95Z:N

46.38E5
42.53E5
40.05E5
33.06E5
3040E5
29.63E5
51.48E5
46.95E5
42.24E5

F105Z:N 40.05E5
F115Z:N 31.14E5H
F125Z:N 28.18E5H
F1357:N 27.34155
C

F2:N
C

C

5

E15
E25
E35
k45
E55
E65
E75
E85
E95
E105
E115
E125
E135
C

E2:N
C

31

2.50E-8 210
2.50E-8 210
2.50E-8 210
2.50E-8
2.50E-8
2.50E-8
2.50E-8
2.50E-8
2.50E-8
2.50E-8
2.50E-8
2.50E-8
2.50E-8 2
2.50k-8 2

AT tau_norm's of 3.42

55.34E5  57.056L5

35.92I%H
28,4015
24.00E5
12,115
55715
0.1E5
72.14E5
56.18I£5
41.88LL5
36.00E5
15.43E5
6.85IW5
0.155

14.2
14.2
14.2
14.2
14.2
14.2
142
14.2
14.2
14.2
14.2
14.2
14.2
14.2

2.50E-8 210 14.2

5.14
0.1E5
0.1E5
0.1E5
0.1E5
0.1E5
0.1E5
0.1E5
0.1E5
0.1E5
0.1E5
0.1K5
0.115
0.1E5
0.1E5

$ N6

$ LEAKAGE OUT OF THE TOP SURFACE

OUTPUT ENERGY BIN STRUCTURE (MeV)
SN7

NPS 10000 S RUN 10000 HISTORIES.

PRINT $PRINT ALL POSSIBLE OUTPUT IFOR EAST!

" DEBUGGING.



PAGE 1 SMAUG-11

1 (title=Example of SMAUG-II Input )
2 (read neutron )
File specification is: TKS,NEU
(0.0 1.1315-4 9.8489-3 9.329B-3 3.3667-2 1.7368-2 1.6382-2 9.4915-3)

(7.8970-3 6.1457-3 5.8951-3 8.6953-3 1.8073-2 4.0545-3 1.2918-2 2.6063-2)
(2.2402-2 3.6882-3 2.5916~2 6.2051-2 8.4961-2 9.8584-2 3.3869-2 7.0979-2)
(8.1805-2 1.4145-2 8.4647-2 1.1337-1 7.9823-2 4.2300-2 2.3974-2 2.0226-3)

(0.0 0.0 0.0 0.0 0.0 RSIC-36 (page 71) TNS. Neut.)
3 (pnorm n=1 )
4 (read gamma )

File specification is: EXP.GAM
(1.6496=5 1.3403~4 3.0209-4 9.0754-4 2.7264-3 8.1905-3 2,4605-2 2.7044~2)
(4.6875-2 8.1246~2 1.4082-1 1.3014-1 1.4655-1 1.0935-1 1.2896-1 4,7940-2)
{3.0055-2 2.5815-2 1.5833~2 1,0701-2 1.0820-2 1.1*EXP(-1.1%En). 10Nov81.)
5 (norm g=1
6 (yield-=1
7 (hob=40059
8 (alt=40050
9 (ran=36000
10 (go

Tt e e e Nt

Bxplanation of Control Statements:

title= Title of the problem

read neutron Read neutron source spectrum
norm n= Normalize the neutron yield
read gamma Read gamma source spectrum
norm g= Normalize the gamma yield
yield= Detonation yields

hob= Height of bursts

alt= Reciever Altitudes

ran= Ground ramnges

go Do the calculations specified
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Appendix B: Data Tables

This appendix contains the MCNP results for the high altitude
test case which are summarized in the figures in the body of th2
report. Tabulated data includes the following:

1. Ring detector results for locations on surfaces of constant
optical depth from the source point. For comparison, SMAUG-II
data is also provided.

2. Ring detector results for locations on surfaces of constant
range from the source point. For comparison, SMAUG-II data is
also provided.

3. Cell average results for cells in various layers (of constant
altitude), including layers above and layers below the source
point altitude.




ELEVATION
ANGLE
(Degrees)
90

60
30
0
-30

-60
-90

ELEVATION
ANGLE
(Desrees)
o0
60
30
0
-30
-60
-90

ELEVATION
ANGLE
(Degrees)
90

60
30
0
-30
-60
-90

r

-

O—PNWWNOR
OO — 00

— bW =3

o~
25~
p—

OrwhUWO
—00 N 00O ON
OO0 P

r
(km)
0.1
548
6.78
6.00
4.32
224
0.1

z
(km)

45.10
44.17
42.13
40.05
38.45
37.47
37.14

(km)

48.15
46.36
42.99
40.05
37.99
36.79
36.39

z
(km)

53.67
49.54
43.97
40.05
37.55
36.16
35.71

TAU =0.51 TAU INFINITY

SLANT
RANGE
(km)
5.05
4.75
3.61
3.60
3.20
2.98
291

MCNP
FLUENCE
(1/cm2)
4.549E-13
5.273E-13
6.877E-13
9.250E-13
1.100E-12
1.265E-12
1.295E-12

MCNP
ERROR
(Fraction)
0.0196
0.0137
0.0091
0.0092
0.0117
0.0126
0.0146

TAU =0.686 TAU INFINITY

SLANT
RANGE
(km)
8.10
7.28
5.88
4.80
4.12
3.76
3.66

MCNP
FLUENCE
(1/cm2)
2.021E-13
2.475E-13
3.861E-13
5.704E-13
7.311E-13
8.505E-13
9.063E-13

MCNP
ERROR
(Fraction)
0.0121
0.0091
0.0099
0.0091
0.0160
0.0158
0.0199

TAU =0.857 TAU INFINITY

SLANT
RANGE
(km)
13.62
10.96
7.83
6.00
5.00
4.49
4.34

MCNP
FLUENCE
(1/cm2)
8.148E-14
1.208E-13
2.367E-13
4.079E-13
5.487E-13
6.725E-13
7.250E-13

MCNP
ERROR
(Fraction)
0.0099
0.0093
0.0145
0.0127
0.0162
0.0164
0.0311

SMAUG
FLUENCE
(1/cm2)
4.675E-13
5.270E-13
6.873E-13
9.208E-13
1.167E-13
1.347E-12
1.412E-12

SMAUG
FLUENCE
(1/cm2)
2.027E-13
2.504E-13
3.841E-13
5.765E-13
7.827E-13
9.406E-13
9.957E-13

SMAUG
FLUENCE
(1/cm2)
7.970E-14
1.224E-13
2.386E-13
4.070E-13
5.895E-13
7.309E-13
7.830E-13




ELEVATION
ANGLE r
(Degrees)  (km)
43 20.55
40 17.79
30 14.0
0 9.6
-30 6.33
-60 3.16
-90 0.1
ELEVATION
ANGLE r
(Degrees)  (km)
15 57.05
10 35.92
5 28.40
0 240
-30 12.11
-60 557
-90 0.1
ELEVATION
ANGLE r
(Degrees)  (km)
9 72.14
7 56.18
3 41.88
0 36.0
-30 15.43
-60 6.85
-90 0.1

z
(km)
59.17
54,93
48.10
40.05
36.34
34.52
33,95

(km)

55.34
46.38
42.53
40.05
33.06
30.4

29.63

(km)

51.48
46.98
42.24
40.05
31.14
28.18
27.34

TAU = 1.37 TAU INFINITY

SLANT
RANGE
(km)
28.07
23.20
16.15
95

O~
—_— 2 )

37
0

MCNP
FLUENCE
\1/cm2)

- 2.172E-14

3.175E-14
6.453E-14
1.867E-13
3.084E-13
4.355E-13
4.739E-13

MCNP
ERROR
(Fraction)
0.0091
0.0091
0.0102
0.0126
0.0175
0.0272
0.0545

TAU =3.42 TAU INFINITY

SLANT
RANGE
(km)

59.1
36.5
28.5
24.0
14.0
11.14
10.4

MCNP
FLUENCE
(1/cm?)
3.253E-15
1.075E-14
2.056E-14
3.206E-14
1.164E-13
2.036E-13
2.308E-13

MCNP
ERROR
(Fraction)
0.0123
0.0131
0.0153
0.0173
0.0271
0.03258
0.0557

TAU = 5.14 TAU INFINITY

SLANT

RANGE

(km)
73.0
56.6
41.9
36.0
17.8
13.7
12.6

MCNP
FLUENCE
(1/cm2)
1.402E-15
2.855E-15
6.891E-15
1.092E-14
7.364E-14
1.434E-13
1.984E-13

MCNP
ERROR
(Fraction)
0.0137
0.0155
0.0213
0.0192
0.0288
0.0342
0.0889

SMAUG
FLUENCE
(l/ecm2)
2.430E-14
3.534E-14
7.200E-14
2.034E-13
3.518E-13
4.701E-13
5.144E-13

SMAUG
FLUENCE
(1/cm2)
9.446E-15
2.445E-14
3.997E-14
5.644E-14
1.690E-13
2.692E-13
3.090E-13

SMAUG
FLUENCE
(1/cm2)
7.332E-15
1.217E-14
2.214E-14
3.006E-14
1.244E-13
2.117E-13
2.467E-13




SLANT RANGE = 12.0 km

ELEVATION SLANT MCNP MCNP SMAUG
ANGLE T ya RANGE FLUENCE ERROR FLUENCE
(Degrees) (km)  (km) (km) (1/cm2) (Fraction) (1/em2)

90 0.1 52.05 12.0 1.018E-13 0.0120 1LOO3E-13
60 6.0 50.44 12.0 1.016E-13 0.1000 1.042E-13
30 10,39  46.05 12.0 1.119E-13 0.0118 1.1811:-13

0 12.0 40).05 12.0 1.307C-12 0.0169 1.486:-13
-30 10.29  34.05 12.0 1.583E-13 (.0203 1.998E-13
-60 6.0 2066 12.0 1.841E-13 (.0351 2.495:-13
-90 0.1 28.05 120 1.807E-13 0.0825 2.661LE-13

SLANT RANGE = 15.0km

ELEVATION SLANT MCNP MCNP SMAUG
ANGLE T 7 RANGE FLUENCE ERROR FLUENCE
(Degrees)  (km)  (km) (km) (1/cm32) (Fraction) {1/cm2)
90 0.1 55.05  15.0 0.821E-14 ().00v9 6.678E-14
60 7.5 53.04  15.0 0.916R-14 0.0101 0.988-14
30 13.0 47.55 15.0 7.381E-14 0.0131 8.143E-14
0 15.0 40.05 150 8.806E-14 0.0178 1.091E-14
-30 13.0 32,55 15.0 1.084E-13 0.0306 1.558E-13
-60 7.5 27.06  15.0 1.255E-13 0.0578 1.824E-13
-90 0.1 25.05 150 1.137E-13 (.1050 1.791E-13

SLANT RANGE = 18.0 km

ELEVATION SLLANT MCNP MCNP SMAUG
ANGLE T z RANGE FILUENCE ERROR FLUENCE
(Degrees)  (km)  (km) (km) (1/em?2) (Fraction) (I/em2)

90 0.1 58.05 180 5.004E-14 0.0106 4762E-14
60 9.0 55.64 18.0 5.080E-14 0.0108 5.013E-14
30) 15,39 49.05 18.0 5.261E-14 0.0120 5.987E-14

0 18.0 40.03 18.0 0.202E-14 0.0179 §.842E-14
-30 1559 31.05  18.0 7.668E-14 (.0315 1.225E-13
-60 9.0 24,46 18.0 6. 744E-14 0.0491 1.120E-13
-90 0.1 22,05  18.0 5.881E-14 0.1201 §.854E-14
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ELEVATION
ANGLE
(Degrees)
90
60
30
0
-30
-60
-90

ELEVATION
ANGLE
(Degrees)
90
00

ELEVATION
ANGLE
(Degrees)
8]
60)
30
0
-30
-6()
-90)

T
(km)
0.1

1.50
2.60
3.00
2.60)
1.50

r
(km)
0.1
3.0
5.20
6.0
5.20
3.0
0.1

z
(km)
43.05
42.65
41.55
40).05
38.55
37.45
37.05

7
(km)

46.05
45.24
43.05
40.05
37.05
34.85
31.05

yA
(km)
49.05
47.84
44.55
40.05

SLANT RANGE = 3.0 kin

SLANT MCNP
RANGCE FLUENCE
(km) (1/cm?2)

3.0 1.143E-12
3.0 1.176%-12
3.0 1.211E-12
3.0 1.262E-12
3.0 1.249E-12
3.0 1.278E-12
3.0 1.225E-12
SLANT RANGE =
SLANT MCNP
RANGE FLLUENCE
(km) (1/em2)
6.0) 3.406E-13
0.0 3.485E-13
0.0 3.761E-13
6.0 4.025E-13
6.0 4.045E-13
6.0 4,747E-13
6.0 4.8062E-13

MCNP
ERROR
(Fracuon)
0.0138
0.0110
(.0094
(.0104
0.0145
0.0165
0.0195

6.0 km

MCNP
ERROR
(FFraction)
0.0126
().0128
0.0138§
0.0132
0.0157
(0.0265
(0.0411

SLANT RANGE =9.0 km

SLANT
RANGE
(km)
9.0
9.0)
9.0
9.0
9.0
0.0
9.0

MCNP
FLUENCE

(1/em2)
1.065E-13
1.698E-13
1.808E-13
2.155E-13
2.380-13
2.772E-13
2.587E-13

MCNP
ERROR
(Fraction)
0.0119
(0.0100
0.0115
0.0157
(.0212
0.0351
(1.0431

SMAUG
FLUENCE
(1/cm?2)
1.185E-12
1.193E-12
1.216E-12
1.252E-12
1.2906E-12
1.332E-12
1.374E-12

SMAUG
FLLUENCE
(1/em2)
3.448E-13
3.511E-13
3.712E-13
4.069E-13
4.560E-13
5.037E-13
5.241E-13

SMAUG
FLUENCE
(1/cm2)
1.681E-13
1.730E-13
1.898%-13
2.230E-13
2.7481:-13
32.293E-13
3.527E-13




CELL
NUMBER

1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014

CELL
NUMBER

901
902
903
904
905
906
907
908
909
910
911
912
913
914

GROUND
RANGE
(km)

1.25

5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
46.25
55.0
65.0
75.0
85.0

GROUND
RANGE
(km)

1.25

5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
46.25
55.0
65.0
75.0
85.0

HEIGHT = 55.0 km

SLANT
RANGE

(km)

15.00
15.76
17.98
21.18
24.97
29.13
33.52
38.06
42.70)
48.60
57.00
66.70
76.47
86.30

ENERGY

DEPOSITED

(MeV/g)

1.3G2E-15
R.312E-16
G6.517E-16
4.801E-16
3.322E-16
2.405E-16
1.892E-16
1.397E-16
1.107E-16
8.618E-17
5.762E-17
3.884E-17
2.667E-17
1.881E-17

HEIGHT =47.5 km

SLANT
RANGE

(km)
7.55
8.97

12.47

16.74

21.34

26.08

30.91

35.78

40.69

46.84

55.50

65.42

75.37

§5.32

ENERGY

DEPOSITED

(MeV/g)

3.758E-15
2.423E-15
1.317E-15
7.298E-16
4.600E-16
3.130E-i6
2.175E-16
1.609E-16

T 171101
1.3111_4'16

8.024E-17
5.980E-17
3.139E-17
1.995E-17
1.317E-17

NMCNP
ERROR
(Fraction)

0.1042

0.0469

0.0350

0.0309

0.0303

0.0309

0.0330

(0.0346

0.0362

0.0373

0.0390

0.0423

0.0442

0.0469

MCNP
ERROR
(Fraction)

0.0625

0.0309

0.0297

.0322

(.0345

0.0365

(.0391

.0414

0.0440

0.0469

(3.0480

0.0495

0.0533

0.0556

2




CELL
NUMBER

801
802
803
804
805
806
807
808
809
810
811
812
813
814

CELL
NUMBER

701
702
703
704
705
706
707
708
709
710
711
712
713
714

GROUND
RANGE
(km)

1.25

5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
46.25
55.0
65.0
75.0
85.0

GROUND
RANGE
(km)

1.25

5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
46.25
55.0
65.0
75.0
85.0

HEIGHT = 42.5 km

SLANT
RANGE
(k)

2.753

3.57
10.29
15.20
20.15
25.11
30,10
35.08
40.07
46.31
55.05
65.04
75.04
83.03

ENERGY

DEPOSITED

(MeV/g)

4.314E-14
6.588E-15
2.035E-15
9.306E-16
5.420%-16
3.445E-16
2.281E-16
1.593E-10
1.127E-16
7.785E-17
4.836E-17
3.022E-17
1.929E-17
1.224E-17

HEIGHT = 37.5 km

SLANT
RANGE
(km)

2.84

5.61
10.32
15.21
20.16
25.13
30.10
35.09
40.08
40.32
55.06
65.05
75.04
85.03

ENERGY

DEPOSITED

(MeV/g)

3.503E-14
S.721E-15
1.733E-15
$.100E-16
4.387E-16
2.627E-16
1.680E-106
1.107E-16
7.759E-17
5.083E-17
2.994E:-17
1.632E-17
9.595E-18
S.704E-18

MCNP
ERROR
(Fraction)

0.0166

(.0190

0.0240

(0.0284

0.0310

0.0339

0.0360

0.0387

0.0414

0.0441

0.0479

(0.0529

0.0580

0.0629

MCNP
ERROR
(Fraction)
0.0194
0.0203
0.0253
0.0287
0.0313
0.0338
0.0362
0.0383
0.0404
(.0420)
(0.0453
(.0474
1).0501
0.0523




HEIGHT =325 km

CELL GROUND SLANT ENERGY MCNP
NUMBER RANGE RANGE DEPOSITED ERROR
(km) (km) (MeV/g) (Fracticen)

601 1.25 7.65 3.759E-15 0.0574
602 5.0 9.05 2.437E-15 0.0311
603 10.0 12.53 1.220E-15 0.0284
604 15.0 16.79 6.650E-16 0.0290
605 20.0 21.38 3.787E-106 (1.0314
606 25.0 26.11 2.282E-16 0.0331
607 30.0 30.93 1.394E-16 0.0344
608 35.0 35.81 9.008E-17 0.0345
609 40.0 40.71 5.916E-17 0.0301
610 46.25 46.86 3T771E-17 0.0387
611 55.0 55.52 2.058E-17 0.0438
612 65.0 65.44 1.117E-17 ().0496
613 75.0 75.38 6.175E-18 0.0492
614 85.0 8§5.33 3.496E-18 0.0513

HEIGHT = 28.75 km

CELL GROUND SLANT ENERGY MCNP
NUMBER RANGE RANGI DEPOSITED ERROR
{(km) (km) (MeV/g) (Fraction)

501 1.25 11.37 1.735E-15 (0.0745
502 5.0 12.35 1.338E-15 ().0387
503 10.0 15.10 8.546E-16 0.0333
504 15.0 18.78 5.247E-16 0.0343
505 20.0 22.97 3.083E-16 0.0378
506 25.0 27.43 1.777E-16 0.0366
507 30.0 32.06 1.154E-16 (1.0405
508 35.0 36.78 0.7806E-17 0.0421
509 40.0 41.56 4.272E-17 (0.0393
510 46.25 47.01 2.674E-17 (3.0410
511 55.0 50.13 1.447-17 0.0432
512 65.0 63.97 7.001E-18 (.0443
513 75.0 75.83 3.865E-18 0.0443
514 85.0 §5.75 2.308E-18 (0.0487

b-8




CELL
NUMBER

301
302
303
304
305
306
307
308
309
310
311
312
313
314

GROUND
RANGE
(km)

1.25

5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
46.25
55.0
65.0
75.0
&5.0

HEIGHT =22.0 kin

SLANT
RANGE
(km)
18.10
18.73
20.63
23.47
26.94
30.83
35.01
39.38
43,88
49.65
57.88
67.46
77.15
86.90

ENERGY

DEPOSITED

(MeV/g)

0.732E-16
5.400E-16
4.066E-16
2.534E-16
1.502E-16
8.974E-17
5.221E-17
3.110E-17
1.923E-17
1.171E-17
5.884F-18
2.9K86E-1%
1.611E-18
8.838E-19

MCNP
ERROR
(Fraction)

0.0752

0.0425

0.0353

0.0368

0.0374

0.0405

0.0404

0.0387

0.0384

0.0374

0.03467

0.0397

0.0391

0.0402




Appendix C: Table of Atmospheric Number Densities

This appendix contains a reproduction of the tables of number
densities of various atmospheric constituents (vs. altitude)
which were provided by AFWL/NTN and used in support of this
work. (The reproductions are the best quality we could obtain
readily.) The tables cover the range from sea level to 800 km
altitude.
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AT NUMBER DENSITY (cm‘a) o
(k) N2 02 4] He Ay . -
O 2¢9BYF 49 B.336E 48 3+000E 40 4+338€ 1« 23808 417
4 4e244E 49 4 B60Z 18 34674E LD 1e29BE Le THVIETE 47
2 G+634E 19 4+384E 2B 4+1500E 0 14097E v Lv955€ 47
3 LeaBAE 15 349745 4B 6+093E 40 848944E L3 107728 47
4 24328F 4% 345¢6ig 18 Be230E 40 &¢954 i3 L5882 17
§ 441499F 4185 3+246C 4B 10808 2% BeQ4&6EL 13 S0434F 47
6 24070E 49 2+870F <8 4¢44DE 24 T7¢182E 432 1.2B0E 47
7 S¢605E 18 21577¢ LB 1e¢BESE 11 6i44aBE L3 340i43E 47
B BeS42E 18 2¢283¢ 16 244008 %24 Be744E 43 S204BE 27
9 7.644E 18 20432 48 3.058E 21 561118 43 9+109¢ 16
40 6¢716E 158 1¢BOBE 28 3¢500E 41 4#+S08BE <3 E»025EF 46
11 5+8%2E 48 3+5B1f 48 44837E 211 3¢988E 13 7.0%9¢ 16
“2 5+069F 48 14360FE 2B 6+000E 31 3+402E 13 6410645 ¢
13 44385F 1B 1¢376E 8B 74700 31 2+4943E 13 5.2465 1%
24 34701E 48 949308 17 943008 11 2+4B8E 13 4.42BE 46
18 342028 “8 B8+5BY9L 47 444578 42 2+449E 13 S4B34E <26
26 7025 4B 7¢248F 27 404408 12 14814F 13 2.2338 26
17 243398 18 6427492 37 10764E 12 195708 13 24789B% 416
18 11976E 1B S54300C 47 2+460E 42 14326F 43 2:364E 46
49 14740E 18 4+SEBE 17 2:1546E 22 141&4BE 132 2.048E 48
20 204458 18 248762 17 3+000f 12 9469BE 22 1472BE 1%
4 14245F 28 34341F 17 34854E 12 B13641E 12 244808 L6
22 14048E 1B 2¢8C7Z 17 4459508 12 7+024E 22 442528 36
23 9+043E 47 244265 47 547808 12 6+070E 22 1.082¢ <6
24 7462ZE 17 24045E 47 64750E 22 Se116E 22 9+119% 45
25 615918 47 44.768BE 47 7+530E8 42 4v424F 12 7.BB5E 45
26 545605 47 1+492E 14 844008 42 3¢7328 12 646528 15
27 HeBL4E 27 242828 L7 BeB548FE 12 JF.232L 42 547608 15
28 &£.0688 17 24+094E 47 Be7008 22 2+724% 12 “4+B86EE 45
29 3+8509E 27 S14185E 15 BeB4SE 12 213565 12 441992 L5
30 Z2+S50F 47 7:248¢ 46 9+.0008 422 1+3B0Z 42 343308 45
29 ZeB23E 47 647825 16 BebiTE 12 1+697L 12 3.024F LD
32 21166E 7 E+8%22E 416 Be250L 32 1.484Ef 42 245828 45
Z3 S 4BLAE 27 449925 16 T 4g2E 42 1e2489F 12 24226% 15
34 L4bCOE 17 Le2932F 46 6+7508 22 140742 42 42954 L5
25 LeZ7EE 27 2069355 46 640378 12 942475 44 L.648% L5
36 LAE8E 17 2041865 26 See00% 12 749732 21 Se423E 5
37 S¢CZSE 27 2¢75%5 416 4+58YE S22 &+BE3IE 11 L.227% 15
38 B4£L2E L& ZeZT7RE 14 343CCL 22 548508 11 L2.06CE 15
39 7416655 6 240572 L6 240598 L2 S5eL4BI i 90LT7BE Lk
40 L16HBE 16 L aT7BLE 46 244008 12 Lekng35 47 749555 L a
S Be787E L6 145478 L6 10890L 22 308715 21 64900%L L4
42 S5400BS 46 %2e304T 46 146308 22 343628 421 519925 L a
43 4e32BLE 16 Le1E8F 46 LeZHBE 22 208238 41 5.210% 44
4o 31791E L6 La0ATE L6 S47€08 44 2¢848F 11 AeB3ELE Lw
48 34306E L6 BeBEBT 185 7458528 1 Z¢2418E 44 343555 44
46 C4BBEE L€ 797295 15 548508 L4 Le9Z6E Sl Z44SLT Lk
47 L£eS20E 46 697445 45 Leh82E 11 44,4828 41 33,0485 44
48 242028 26 549082 25 214508 11 L1ea78L 2% 246358 L4
49 11S28F 16 Se473T 185 246825 1% 402948 47 243878 L4
§C 2.,£908 16 445342 25 L9478 21 fe134% L1 240225 4w
51 14508E 46 410458 15 145245 1% 140125 131 108045 Ge
B5& Lt 43423E 46 3¢603E 45 2 120BE 1% 940445 20 14507E < 4
B3 Le108E 26 Fe2072 25 240408 4141 B+02855 40 S+430F 44
E4 L4063E 46 2+¢85LE 45 Be4iSE 40 74436 40 142725 %4

Fig. 14. Altitude Dependent Atmocplieric Nuwmber Densities
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ALT.
(km)

58
56
57
58
59
60
61
&e
63
b4
£5
66
&?
68
69
70
71
72
73
74
75
76
77
78
75
80
&1l
82
83
8é&
&S
Bé
a7
88
89
s0
Si
az
o3
S«

NUMBER DENSITY (cm °)
N2 O2 0 He AT
S 433E 15 245325 15 7423BE 10 64332 10 14329E 14
Be363E 15 2+¢244E 15 6¢193E 10 Seg14f 40 1+001E 1w
7e806E 45 14987F 185 Boagewf 10 44972 10 B1BGIE 13
61550E 15 24¢757E 15 4+B01E 10 #4397E 10 7E37E 13
BEv1786E 15 1+552% 45 4¢2a6c 210 3+BEWE 10 64922 13
Eo403E 415 14369F 1% 31746E 10 34a26t 10 643108E 3
«1493C 1% 2412058 45 3+493€ 10 3¢016E 10 S5¢376F 33
3.981E 15 140608 15 3+25¢f 40 2416526 10 «+727E 43
31H68E 15 943065 14 340765 10 2+382E 10 40150f 13
3+040F 15 B+186E5 14 21912E 20 24044F 10 34637E 43
21664E 15 74240E 4% 2¢BO0E 1D 1¢7B6E 10 3+1B4E 13
C2i327E 15 6:243F 14 2.702E 10 1e5¢2E & 2.784E 43
2:034E 15 BeakSF 14 2¢618BE 10 14363E 10 2.430FE 43
24770E 15 4+¢749E 14 2¢549E 10 121BBE 10 2+.11BE 13
1+839E 15 44+128E 14 2:521€ 40 1+033E 10 1.842E 43
14337E 45 3«587% 14 24505E 10 B4974E 09 1.600f 13
2+161E 45 341155 14 2a224E 10D 7.795E 09 1.3BSE 13
1.0075 48 2.700€ 44 243005 10 64757E 09 1:¢20%f 23
Be707E 24 2+336E 14 244685 10 S5¢845F 09 1.042f 43
70544E 14 2.046E 14 2:650F 10 S5«044f 09 &+9390F 52
Gea74E 14 247375 44 21B20E 10 44¢34B6E 09 741746E 12
Ee6565E 44 1+4922 14 34000 40 347306E 05 646592 12
#¢770E 14 14+2B0E <4 32405 20 3.202E 09 E£737E 12
4#1082E 14 1+1095E 14 3+500E 40 2.74D0E 09 4 +EB4E 42
3.482E 14 843425 13 347428 10 24337E 09 44266E 2
21963E 1% 7:950E 13 4¢0008 10 1+9B9f 09 3+5«57 12
24478BE 4 616495 43 4k72E 10 4663 09 2:9¢5C 12
24¢072E 14 5.558C 4 S¢0008 20 1423949E 09 2+.475¢ 12
Le733E 44 406485 43 Se477E 40 L40463E 05 24073 42
L1448F 1& 3,888 43 &£+000f 10 Bs725¢ OB 14734E 42
Le212E 14 34254E 43 647535 10 BeL3Z2E O 1+450F 22
24014E 44 2,721E 43 746008 10 64B07E O 1.213E 12
EvauBOE 43 24275E 453 E+718E 40 S4691FE 08 14014E 12
740888 13 4.906E 43 1000E 42 447625 Of Bes4BEE 24
Se934E 13 1.45S8E 23 1+11B% 231 3+1982E 0Og 7+088:Z 4%
4¢968F 13 2,332 43 442502 21 34332 08 5.9398 4
14038 43 4401048 43 104632 2% 247535 DE AeBLBE 14
JeBhef 13 G,1B88 L2 1+4R0F 11 2:252F 0% 44DhEE 12
2oB3LE 43 TZ6IE L2 Zei1eb 11 LeEB6E OB 3.363F 44
243458 13 611462 22 2¢660E 15 1956BE OB 24738558 i
15478 43 E44802 42 243028 41 L20LE 08 24322°9E 24
LeB26E L3 402565 12 441008 11 14094C 08 L294BF <%
1436282 43 345535 42 42+.436E 11 9eih4E 07 14630 44
L0146E 13 248365 12 «1800F 41 7.882E 07 14374E 44
9vb73E 12 2423 52 L0899E 11 bi4825 C7 141575 4a
B1478E 12 49545 42 55098 44 S5+492% D7 S.800F 10
GVELTE G2 4 i6k4af 12 44 E79E L1 4¢575C 07 8.1354F 40
Bv204E 22 2.0289Z2 12 447805 4L w.eP4E C7 S0823E 40
@1 BOGE 422 401345 42 492348 14 &s278E 07 Bi74akE 70
41060E 22 914435 12 4e0UB50E 1% A04i3KE $7 428372 10
31483E 52 748328 41 346065 21 44008 07 444530F 40
21950Z 212 €¢653L 47 242108 31 3.E85%Z 07 3+528f 40
2+528E 412 B5.6865E 11 2+¢E33F i 3.7&8E 07 3.025f 20
2¢174E 12 448098 11 2+5.08 14 34656 07 2.604E 190
LeRB75E 412 4+093Z 14 2+244L 21 3v58541€ 07 2412428 40
Fig. 14, (Continued)
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e
LT T NUMBER DENSITY (cm °)
(km) X, c, 0 le AT E
140 4, 6208 42 3.492E 41 2+000E 43 31e80F 07 1+938FE 10
144 4.345E 22 248C3E 44 14824E Lt 34304FE 07 Se633E 3C
192 L1164E 22 2e%be3E 44 Ce6L0E 4L 34174E 07 143%3E 30
143 G§,983E 21 2.066F 14 Le4ERT 11 3.048E 07 L+3i54E 20 }
caw Bb0EE i Le7S57E 4 143508 41 24934F 07 4.02%% 10
448 24.46CE 2% 20S04E 44 L4235 11 2.829%5 07 Ei1S23E 09
c26 64853F 21 242S2E 4% 14520€ 1% 24731E 07 7.7°iE 09
147 B,722F 4% 14%49E 44 1.022E 41 24639E CO7 6.8u46f 09
148 S10B7E 4% 9u744E 20 9.250E 10 24554 C7 61043F 09
119 4147BE 11 BiSCIE 40 E+¢3BSE 40 2.474E 07 S54357¢ 093
120 &.000CE 41 7.500E 40 7+600E 10 2.400E 07 %+500E 09
130 424383F 11 24325E 40 316508 20 1+801E 07 4+122E 09
260 64302E 4C S5+729E 09 2¢4164E 4D 2 +484E 07 3+%50f CB8
150 3+¢3C08E 10 4.748f D9 444148 10 14273E 07 14670f 08 ]
260 L2B9LIE 1C 245428 09 9¢837Z C9 24228 07 748542 07
170 140447E 20 4“.a54E 09 744228 09 14006E 07 3+49%0€ ©7
1BD 742845 CY B473275 OB S5¢235E 03 9.13BE 06 241302 €7
90 4.794F C9Y S.,463F OB 4+099E 09 B«3ESE 06 14¢214E ©7
200 34245E C9 3:5275 CB 3+1216E 09 7¢760E Ob 7+4433FE 06
220 2412545 C9 2.336E 08 245655 09 742325 06 #+296E 06
220 245942 CS -2 +58iF OB 2+075% 09 6+¢779E Ob 21659€ 06
230 24246E S 240HBE 08 L169BE 09 6+1385E 08 %+680Z 06
20 Ev34CE OB 7.556E 07 114035 09 6«037E 06 14079E 06
250 £,438E CB S5¢367E 07 21468E CY S54¢728E 06 74030EF 05
60 «1SSBE Cg 24,8255 07 9+7835 08 5.448E 06 446328 05
€70 24444% CB 2.755E 07 B1242% 08 5+195¢ 06 24052E 05
280 245695 08 445996EF 07 61575 08 #4963C 06 2+067Z 05
290 148458 Cp <4558 C7 S49278 08 447492 06 24397E 05
20D L 48CE CB8 4,066F 07 540535 08 #4+4550E V6 He49iE O«
320 806668 C? 547578 06 347022 08 #4¢194E 06 4+4507 04
360 544378 C7 3.19BF 06 247365 OB 3+873E 06 214202 Ca
360 34C758 C7 247792 06 24035 C35 3+589FE Op 1+023E5 04
3B0 148548 €7 Y.394E 05 115225 08 3+224FE 06 #+982E C3
800 144255 C7 S46505 CF 244422 0B 31057¢€ 06 214w8F5 C3F
20 €+B375 Ce& 5.2005 05 E+S8&E 07 Z.882E O6 0002 0C
L40 4 1B8T C& LWBZ5Z 05 6+487Z C7 2:5852 D& «D00F GO
60 248778 C& 4.050Z 05 2+9232 07 2+503E 06 0002 C9
Y80 44.EQLZ Cb 6.05R7 Cw 34725 L7 Z4Z35E Cé vC20E 00
S00 4.E88E CS 345875 Ok 208565 C7 244802 C6 B+737E 03
S20 6.42B% CE 2.038E Os 2+46%5 07 240375 Cé B+5B8E €3
$el 348245 05 %2 +%EBL O4 214803 07 41903 06 Biau42E C3
560 £429C2 0% 649282% €2 42425 C7 42478B0E D¢ 843008 £3
SKS Lo k995 €K #.OR4LE CZ 946678 C& 116652 06 Bel16Z5 €3
EUC 914282 Ca 244D C3 Tiv26Z Cb % ¢5858C 06 8.027% €3
£20 545475 Cu 444205 02 S4704C 06 2.4358E Co 708558 €32
620 347625 Cé B e278 C2 43835 08 44364LE 0% 70766 £32
E60 243865 C& £,00uf 52 23586l 25 442E0L 06 716408 C3
B0 L.847E C4 2418845 €2 246135 €5 242002 Os 715.82 €2
700 ©.6732 €3 2.785E C2 240248 06 144255 06 703IS7E 03
/20 €445468 C3 24075E C2 “+BESE 06 241035 Ob 712802 C2
740 349635 C3 L.642I 04 Le21ef U6 949025 05 744655 03
760 24546E C3I 3.887F C4 9:1429E 05 942985F 05 710828 @2
7BL 346408 C3 24352% 05 743345 03 84728E 0S5 61942 C3
BOO 21,0558 C2 2.427EC 04 B4713E U5 E.2008 03 61B34EF C3

Tig, 14. (Continued)
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